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Abstract
Over the past several decades, nanostructured materials, including zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D)
nanomaterials, have been widely developed and utilized in energy conversion and
storage applications such as catalysis, rechargeable batteries, and supercapacitors.
Even though these nanomaterials exhibit superior performance compared with their
bulk counterparts, they still suffer from some intrinsic drawbacks including
insufficient chemically active sites, poor electrical conductivity, and easy structrual
aggregation or destruction. Therefore, developing a more advanced nanostructure
with high specific surface area and high structural stability and flexibility is highly
important for achieving a much better performance in energy-related applications.
Inorganic graphene analogs with single- or few-layer thickness are a
conceptually-new class of materials that has come to prominence following the
discovery of graphene due to their extremely large surface area, improved electrical
conductivity, and high structural stability and flexibility, which lead to exotic
electronic, optical, mechanical, and biocompatible properties. It is well known that
layered materials (e.g., graphite, BN, and MoS2), which have strong in-plane
chemical bonds but weak out-of-plane van der Waals bonds, could be easily
exfoliated into atomically thin nanosheets by breaking the weak out-of-plane bonds
through mechanical exfoliation, liquid exfoliation, and ion-intercalation followed by
exfoliation. For non-layered materials (such as the transition metal oxides), however,
it is very difficult to prepare ultrathin nanosheets through exfoliation or delamination
due to their strong atomic bonds in three dimensions. Therefore, developing an
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effective method to prepare non-layered ultrathin 2D nanomaterials is extremely
desirable to meet the growing demands for such materials in energy conversion and
storage application.
In this work, a generalized bottom-up assembly approach with the assistance
of

polyethylene-oxide–polypropylene-oxide–polyethylene-oxide

(PEO20-PPO70-

PEO20, Pluronic P123) surfactant was developed to synthesize the atomically thin
transition metal oxides. Specifically, the aggregation of amphiphilic Pluronic P123
can be intelligently manipulated to form inverse lamellar micelles by changing its
phase behavior in the surfactant-water-oil equilibrium system. The hydrated
inorganic oligomers are then confined inside the micelles on the hydrophilic sides of
the surfactant molecules and directed to grow along the 2D in-plane direction
through a bottom-up self-assembly approach. This finally leads to the formation of
well-organized and ultrathin metal oxide nanosheets after the removal of the
surfactant templates. A variety of atomically thin transition metal oxides have been
successfully synthesized through this bottom-up assembly approach, including TiO2,
ZnO, Co3O4, Fe2O3, MnO2, and WO3. It is worth noting that these ultrathin metal
oxide nanosheets possess high specific surface area, obvious structural distortion,
abundant chemically active sites, etc. which show promise for applications in energy
conversion and storage. Herein, atomically thin cubic spinel Co3O4 nanosheets have
been selected as the main objects of this research. Their unique structural features
have been characterized, and their performancs in energy conversion and storage
applications have been studied, including oxygen evolution reaction (OER) catalysis,
lithium-ion batteries (LIBs), and sodium-ion batteries (SIBs).
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Atomically thin Co3O4 nanosheets were first studied as a catalyst for the OER.
This unique nanostructure possesses a large fraction of low-coordinated surface
atoms and highly accessible surface areas due to its atomic thickness and
mesoporosity, which provide abundant active sites and facilitate electrode/electrolyte
contact for OER catalysis. In addition, density functional theory (DFT) calculations
reveal that the loss of the neighboring layers endows the ultrathin nanostructure with
remarkable lattice distortion, which leads to decreased energy barriers for facile mass
conversion and transfer on the surface of the catalyst. As a result, the graphene-like
holey Co3O4 nanosheets exhibit excellent OER catalytic performance with a low
onset potential of 0.617 V vs. Hg/HgO, high current density of 12.26 mA cm-2 at 0.8
V vs. Hg/HgO, and long-term stability with negligible fading in current density after
2000 cycles, significantly outperforming the performances of conventional Co3O4
nanostructures and commercial IrO2.
An “atomic layer-by-layer” structure for Co3O4/graphene (ATMCNs-GE) with
both Co3O4 and graphene having atomic thickness (< 3 nm) was then developed, and
this composite was used as an anode material in LIBs. The ATMCNs-GE delivers
ultrahigh discharge capacities of 2014.7 and 1134.4 mAh g-1 at 0.11 and 2.25 C (with
1 C equal to 890 mA g-1), respectively, and presents an ultra-long cycle life up to
2000 cycles with a capacity retention of 92.1% at 2.25 C, far beyond the performance
of any existing Co3O4/graphene composite. The breakthrough in electrochemical
performance is mainly attributable to its unique atomic layer-by-layer structure. The
atomic thickness of Co3O4 and graphene enables large and ultrafast lithium storage
due to the numerous surface active sites and highly accessible surface areas. It also
enhances lithium-ion storage capability and increases lithium ionic/electronic
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conductivity because of the maximized synergistic coupling effect between these two
types of nanosheets.
Since capacitive storage (i.e. capacitance and pseudocapacitance) with Na+
stored mainly at the surface or interface of the active materials rather than inserted
into the bulk crystal, is an effective approach to achieve high rate capability and long
cycle life in SIBs, atomically thin Co3O4 nanosheets were also grown on stainless
steel mesh as an anode material for high performance SIBs with enhanced capacitive
storage. This anode delivers a high average capacity of 509.2 mAh g-1 for the initial
20 cycles (excluding the first cycle) at 50 mA g-1, presents excellent rate capability
with an average capacity of 427.0 mAh g-1 at 500 mA g-1, and exhibits high cycling
stability, which significantly outperforms the electrode prepared from conventional
Co3O4 nanostructures, the electrode prepared by the conventional casting method,
and previously reported Co3O4 electrodes. The superior electrochemical performance
is mainly attributable to the atomic thickness of the Co3O4 nanosheets and the direct
growth method in electrode processing, which lead to remarkably enhanced surface
redox pseudocapacitance and interfacial double layer capacitance.
Generally, the generalized bottom-up assembly approach for the preparation of
atomically thin nanosheets could make possible the structural optimization of
conventional nanomaterials with high surface area, high chemical activity and
structural stability. I believe that this unique atomically thin nanostructure should be
of great benefit for a variety of applications ranging from nanostructured electronics,
photonics, and sensors to energy conversion and storage devices.
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Figure 4.10 Electron microscope images of 2D MnO2 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
MnO2 nanosheets; (c) low-magnification TEM image of MnO2 nanosheet edge,
showing the curved nature of the ultrathin nanosheets; and (d) HRTEM lattice image
of MnO2 with the electron beam steered along the [-131] direction.
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Figure 4.11 XRD patterns for 2D tractional metal oxide nanosheets of (a) γ-Fe2O3
and (b) tetragonal α-MnO2.
Figure 4.12 Thickness of 2D TiO2 nanosheets. (a) Edge configuration of 2D TiO2
under the incident electronic beam, as observed by TEM, and (b) the intensity profile
along the line “L” in (a), showing the 5-layer stacking of monolayers and the
thickness of 0.62 nm for one monolayer in the ultrathin TiO2 nanosheets; (c-e) AFM
image (c) and profiles along line “1” (d) and line “2” (e) in (c), demonstrating
thicknesses of the 2D TiO2 nanosheets of 3.3 nm and 2.7 nm, which correspond to 5
layer and 4 layer stacking of TiO2 monolayers.
Figure 4.13 AFM images of the ultrathin 2D metal oxide nanosheets. (a, b) AFM
image of ZnO nanosheets and the corresponding profile along the line in (a),
indicating a thickness of around 3.35 nm; (c, d) AFM image of Co3O4 nanosheets
and the corresponding profile along the line in (c), indicating a thickness of around
1.65 nm; and (e, f) AFM image of WO3 nanosheets and the corresponding profile
along the line in (e), indicating a thickness of around 2.1-5.2 nm.
Figure 4.14 UV-Visible (UV-Vis) spectra of ultrathin 2D metal oxide nanosheets.
UV-Vis spectra of the TiO2, ZnO, Co3O4, and WO3 ultrathin 2D nanosheets, which
show 0.2-0.6 eV blue-shift compared to their corresponding bulk materials.
Figure 4.15 Roles of the addition of P123, EG, and water in the synthesis of the
ultrathin 2D nanosheets. (a, b) Morphology of the products of TiO2 (a) and ZnO (b)
synthesized from the solutions without P123, presenting the obtained large
agglomorates; (c, d) morphology of the products of TiO2 (c) and ZnO (d) synthesized
from the solutions without the addtion of EG; (e, f) morphology of the products of
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TiO2 (c) and ZnO (d) synthesized from the solutions with the addtion of 300 wt%
water; and (g, h) morphology of the products of TiO2 (c) and ZnO (d) synthesized
from the solutions with the addtion of 700 wt% water. The results show that all of the
added P123, EG, and water are crucial for the formation of ultrathin 2D metal oxide
nanosheets, and the amount of the additions can only be allowed to vary to a very
small extent.
Figure 4.16 Surface chemical states of 2D transition metal oxide nanosheets. (a-d)
XPS spectra of the ultrathin 2D metal oxide nanosheets: (a) TiO2, (b) ZnO, (c) Co3O4,
and (d) WO3, where the binding energies show 0.5-2 eV shifting to the low binding
energy range compared to the corresponding bulk material surface states; (e, f)
atomic structures and slices of the total charge density distribution in the (010) plane
of bulk anatase TiO2 (e) and the TiO2 2D monolayer nanosheets (f), showing the
redistribution of electron densities and the extra bonding formed between Ti-Ti in the
2D TiO2 monolayer nanosheets; (g, h) atomic structures and slices of the total charge
density distribution in the (001) plane of bulk wurtzite ZnO (g) and the ZnO 2D
monolayer nanosheets (h), showing the redistribution of electron densities and the
inter-layer bond breaking between Zn-O-Zn in the 2D ZnO monolayer nanosheets; (i,
j) atomic structures and slices of the total charge density distribution in the (010)
plane of bulk Co3O4 (i) and the Co3O4 2D monolayer nanosheets (j), showing the
redistribution of electron densities and the extra bonding formed between Co-Co in
the 2D Co3O4 nanosheets; (k, l) atomic structures and slices of the total charge
density distribution in the (100) plane of bulk monoclinic WO3 (k) and the WO3 2D
nanosheets (k), showing the redistribution of electron densities and the crystal
structure distortion in the WO3 2D nanosheets. The arrows in (e-l) indicate the
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structural differences between the ultrathin 2D nanosheets and the corresponding
bulk inner atoms: new bond formation between Ti-Ti (e, f), bond breaking between
Zn-O (g, h), new bond formation between Co-Co (i, j), and bond distortion between
W-O (k, l).
Figure 4.17 Specific surface areas of 2D metal oxide nanosheets. Specific surface
areas of the 2D metal oxide nanosheets (individual symbols with error bars) together
with the reported specific surface areas (individual bars with numbers) of the
conventional metal oxide nanoparticles.
Figure 4.18 Fabrication and performance of transparent and flexible 2D nanosheet
photodetector. (a) Schematic diagram of the fabrication of the photodetector
electrode, consisting of one single layer graphene sheet on PET substrate and a thin
layer of spin-coated 2D metal oxide nanosheets; (b) Raman spectrum of the asprepared graphene on PET film, demonstrating the single layer feature, where the 2D
band is much more intense and sharper compared to the 2D band in multi-layer
graphene, and with an intensity ratio of 2D/G peaks of around 2.65; (c) the fabricated
2D nanosheet layers on the graphene-PET photodetector electrode shows its high
transparency, and (d) flexibility, with the inset containing an SEM corss-section
image of the photoelectrode in (d) showing that the thickness of the deposited 2D
metal oxide nanosheets on the single-layer graphene-PET substrate was around 50
nm; (e) I-V characteristics of the transparent, flexible photodetector devices
constructed from the 2D nanosheets of TiO2, ZnO, Co3O4, and WO3, respectively,
under 325 nm ultraviolet light (67 mW cm-2) irradiation, with the inset presenting the
I-V characteristic of the dark photocurrent of the ZnO 2D nanosheet photoanode; and
(f) the photoresponse behaviour of the transparent, flexible photodetectors under
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alternating on and off 325 nm ultraviolet light (67 mW cm-2), with an interval of 10 s
and a bias of 0.5 V.
Figure 5.1 Schematic illustration showing the preparation of GHCS through a
surfactant assisted bottom-up self-assembly approach.
Figure 5.2 SEM images of the transparent precursor nanosheets (a) and GHCS (b, c).
Scale bars: 1 μm (a, b), 1 nm (c).
Figure 5.3 AFM image and the corresponding amplitude profile (a), as well as N2
adsorption-desorption isotherms and pore size distribution of GHCS (b).
Figure 5.4 SEM images of holey Co3O4 nanoflowers (HCF) and bulk Co3O4
nanocubes (BCC). Scale bars: 5 μm (a), 1 μm (b), 200 nm (c).
Figure 5.5 AFM topographical image and the corresponding amplitude profile (inset)
for HCF showing an average pore depth of ~1.8 nm.
Figure 5.6 N2 adsorption-desorption isotherms and pore size distribution (inset) for
HCF. HCF has a specific surface area of 96 m2 g-1 and an average pore size of ~5.6
nm.
Figure 5.7 N2 adsorption-desorption isotherms and pore size distribution (inset) for
BCC. BCC presents a nonporous structure and has a specific surface area of 32 m2 g.
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Figure 5.8 Characterizations of graphene-like holey Co3O4 nanosheets. (a) XRD
patterns of GHCS, HCF, and BCC, showing the dramatically weakened diffraction
peaks for GHCS. (b) Raman spectra, with the inset presenting the peak broadening
and peak shift for GHCS. (c) XPS survey spectra, with the inset showing the shift of
Co 2p for GHCS.
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Figure 5.9 CV curves of GHCS, HCF, BCC, and IrO2 in Ar-saturated 0.1 M KOH
with a scan rate of 30 mV s-1.
Figure 5.10 Linear sweep voltammetry curves (LSVs) of GHCS, HCF, BCC, and
IrO2 at a scan rate of 10 mV s-1 on a rotating-ring-disk electrodes (a), and the OER
catalytic performance (b,c,d).
Figure 5.11 Tafel plots (potential versus log (current density)) derived from LSVs.
Figure 5.12 LSVs of GHCS, HCF, BCC, and IrO2 on the ring electrodes at a scan
rate of 10 mV s-1.
Figure 5.13 Cycling stabilities of GHCS, HCF, BCC, and IrO2 (a), and the 1st and
2000th polarization curves for GHCS (b).
Figure 5.14 Nyquist plots of GHCS, HCF, BCC, and IrO2.
Figure 5.15 Co3O4 monolayer extracted from the bulk structure. (a) Bulk structure.
(b,c) Co3O4 initial monolayer. (d,e) Co3O4 optimized monolayer.
Figure 5.16 DFT calculations on screening of the catalytic activities on the (111)
facets of Co3O4 monolayer and semibulk. Outer ring: Schematic illustration of the
oxygen evolution reaction pathway and the valence density isosurface for each
reactant along the reaction pathway. Center: Calculated free energies.
Figure 6.1 SEM images of ultrathin Co3O4 precursor nanosheets. Scale bars: 1 μm
(a), 200 nm (b).
Figure 6.2 Atomically-thin mesoporous Co3O4 nanosheets (ATMCNs). (a) SEM
image of ATMCNs. (b) TEM image of a typical mesoporous Co3O4 nanosheet. (c)
HRTEM image of the Co3O4 nanosheets and its corresponding FFT pattern (inset). (d)
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AFM image and height profile (inset) for the nanosheets. (e) N2 adsorptiondesorption isotherms and pore size distribution (inset). Scale bars: 2 μm (a), 1 μm (b)
and 2 nm (c).
Figure 6.3 Preparation and STEM images of atomic layer-by-layer ATMCNs-GE. (a)
Schematic drawing for the preparation of ATMCNs-GE. (b) (c) Low-magnification
STEM images of ATMCNs-GE. (d) High-resolution STEM image. (e) STEM image
with corresponding SAED pattern of circled area (inset). (f) EDX spectrum.
Corresponding element mappings of e: cobalt (g); oxygen (h); and carbon (i).
Figure 6.4 TGA results for ATMCNs-GE and ATMCNs. The graphene content in
ATMCNs-GE is about 5.8 wt.%.
Figure 6.5 Characterizations of atomic layer-by-layer ATMCNs-GE. (a) XRD
patterns of ATMCNs-GE, ATMCNs and graphene. (b) Raman spectra of ATMCNsGE, ATMCNs and graphene, with the inset showing details of the G band. (c) XPS
survey spectra of ATMCNs-GE, ATMCNs and graphene. O 1s XPS spectra for
graphene (d), ATMCNs (e) and ATMCNs-GE (f).
Figure 6.6 CV curves for the first 5 cycles of ATMCNs-GE (a) and ATMCNs (b) at
a scanning rate of 0.05 mV s-1. The ATMCNs-GE exhibits much stronger and more
stable cathodic and anodic peaks compared with ATMCNs.
Figure 6.7 Discharge-charge profiles of ATMCNs-GE (a) and ATMCNs (b) at
various C-rates. The discharge/charge plateaus are increasingly shortened with
increasing current density, and they almost disappear at 2.25 and 5.62 C, indicating
severe electrode polarization.

List of Figures

xxv

Figure 6.8 Rate capabilities and cycling performances of atomic layer-by-layer
ATMCNs-GE and ATMCNs in LIBs. (a) Rate capabilities and capacity ratio (inset)
of ATMCNs-GE and ATMCNs. (b) Cycling performances and CEs of ATMCNs-GE,
ATMCNs and graphene at a high current density of 2.25 C.
Figure 6.9 Nyquist plots and fitting results of ATMCNs-GE and ATMCNs after
different numbers of cycles at 2.25 C in the voltage range of 0.01-3.0 V. (a) Nyquist
plots of ATMCNs-GE. The impedance curves do not start from zero because of the
internal resistance (Re). They clearly show two semicircles in the high/-medium
frequency region which are assigned to the lithium-ion diffusion through the SEI
film (Rs) and the charge transfer resistance (Rct), respectively, and a ~45° inclined
line in the low frequency region which is attributed to the Warburg impedance (W)
(see inset of the equivalent circuit where CPE-1 and CPE-2 are constant phase
elements). (b) Nyquist plots of ATMCNs. (c) Fitting results of Re, Rs and Rct
calculated from the equivalent circuit. Generally, ATMCNs-GE has much smaller Re,
Rs and Rct than ATMCNs at corresponding cycles.
Figure 6.10 Morphology of ATMCNs-GE (a, b, c) and ATMCNs (d, e, f) at different
cycles. The existence of graphene can effectively alleviate the volume expansion and
structure degradation of Co3O4 during charge/discharge process, leading to the
formation of a more stable and robust SEI film. However, without graphene, the
Co3O4 nanosheets are easily cracked into small pieces due to severe volume
expansion, and then aggregated and converted to amorphous state with plenty of
thick SEI film formation after repeated lithiation and delithiation cycles. Scale bars:
1 μm (a, d), 3 μm (b, c, e, f).
Figure 6.11 Comparisons of specific capacity and cycling performance between
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ATMCNs-GE and previously reported Co3O4/C (including graphene, carbon
nanotubes, porous carbon, etc.) composites. Black balls for capacity comparison
were obtained at 0.028–1.1 C, blue balls for cycling performance comparison were
obtained at 0.56–5 C.
Figure 7.1 Atomically thin Co3O4 nanosheets grown on stainless steel mesh
(ATCSM). (a) SEM image of the ATCSM (300 mesh). (b) High-magnification SEM
image showing the coated ultrathin Co3O4 nanosheets. (c) TEM image presenting the
mesoporous structure of the Co3O4 nanosheets. (d) HRTEM image of the Co3O4
nanosheets and its corresponding FFT pattern (inset). (e) AFM image and height
profile (inset) along the red line of a typical Co3O4 nanosheet indicating its atomic
thickness. Scale bars: (a) 300 μm, (b) 1 μm, (c) 100 nm, (d) 2 nm.
Figure 7.2 N2 adsorption-desorption isotherms and pore size distribution (inset) for
ATCSM. ATCSM has a specific surface area of 156 m2 g-1 and an average pore size
of ~6.8 nm.
Figure 7.3 Co3O4 nanowalls grown on stainless steel mesh (CWM). (a) SEM image
of the CWM (100 mesh). (b) High-magnification SEM image showing the coated
Co3O4 nanowalls. Scale bars: (a) 200 μm, (b) 1 μm.
Figure 7.4 AFM image of the Co3O4 nanowalls. The corresponding profile (inset)
along the red line in the AFM image shows a thickness of ~4.5 nm.
Figure 7.5 Atomically thin Co3O4 anode prepared by the conventional casting
method (ATCSC). The atomically thin Co3O4 nanosheets were scraped from the
growth substrates of stainless steel plates. Scale bar: 1 μm.
Figure 7.6 Characterizations of the atomically thin Co3O4 nanosheets in ATCSM and
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the Co3O4 nanowalls in CWM. (a) XRD patterns showing that the diffraction peaks
of ATCSM are barely visible compared with those of CWM. (b) Raman spectra with
the inset showing the details of the peak broadening and shift. (c) XPS survey spectra
with the inset presenting the binding energy shift of Co 2P.
Figure 7.7 (a) CV curves for the first 5 cycles of ATCSM at a scan rate of 0.1 mV s-1;
(b) Discharge-charge voltage profiles of ATCSM at different current densities.
Figure 7.8 Rate capabilities and capacity ratios (inset) of ATCSM, CWM, and
ATCSC at stepwise current densities from 50 to 5000 mA g-1.
Figure 7.9 Cycling performances and CEs of ATCSM, CWM, and ATCSC at a high
current density of 500 mA g-1.
Figure 7.10 Morphology of ATCSM, CWM, and ATCSC after 10000 cycles. a)
ATCSM; b) CWM; c) ATCSC.
Figure 7.11 Comparison of the cycling performance between ATCSM and
previously reported Co3O4 nanostructures. Our results were obtained at 50 and 500
mA g-1, while the reported ones were obtained at 25, 34, 50, 100, and 178 mA g-1.
Figure 7.12 CV curves of ATCSM (a), CWM (b), and ATCSC (c) at various scan
rates from 0.1 to 100 mV s-1.
Figure 7.13 (a) Log(peak current) versus log(scan rate) plots for the determination of
the capacitive-dominated region and diffusion-dominated region in ATCSM, CWM,
and ATCSC. (b) Capacity versus scan rate-1/2 providing another evaluation method to
identify the capacitive-dominated region and diffusion-dominated region.
Figure 7.14 (a) Separation of the capacitive current from the diffusion-controlled
current in ATCSM at a scan rate of 2 mV s-1. (b) Contribution ratios of the capacitive
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charge storage and diffusion-controlled charge storage at different scan rates in
ATCSM, CWM, and ATCSC.
Figure 7.15 Nyquist plots of ATCSM, CWM, and ATCSC in the discharged state at
0.5 V.
Figure 7.16 Schematic illustration of the capacitive Na+ storage in ATCSM. Two
mechanisms exist: The pseudocapacitance arises from two storage mechanisms:
surface redox pseudocapacitive storage on the surfaces of the atomically thin Co3O4
nanosheets, and interfacial double-layer capacitive storage at the interfaces between
the Co3O4 nanosheets and the stainless steel mesh, and between different phases of
the electrode material.
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Chapter 1
1. Introduction
1.1. Research Background
With the continuous increase in global primary energy consumption and the rapid
growth of ecological concerns, developing highly efficient, low-cost, and
environmentally friendly energy conversion and storage systems has become one of
the most important issues in the 21st century to meet the demands of modern society
and the needs of human health.[1-3] The success of these energy conversion and
storage systems, such as catalysts, solar cells, fuel cells, batteries, and
supercapacitors, strongly depends on the development of advanced materials.[4-6] To
date, nanostructured materials, such as 0D nanoparticles,[7,8] 1D nanowires and
nanorods,[9,10]

2D

nanosheets

and

nanoplates,[11,12]

and

3D

hierarchical

nanoarchitectures,[13,14] have been intensively studied in energy conversion and
storage applications over the past several decades. They are distinguished from their
bulk counterparts due to their unusual mechanical, electrical and optical properties
endowed by the reduced dimensions and the introduced surface properties.[15] These
nanomaterials could not only provide high surface area for improved electrochemical
performance, such as in catalysis and supercapacitors, but also afford shortened
pathways for charge/mass transport in energy storage devices like LIBs/SIBs.[4-6]
Nevertheless, these nanostructures still suffer from insufficient chemically active
sites, poor electrical conductivity, and easy structural aggregation or destruction.
Therefore, further breakthroughs in nanomaterials with high specific surface area,
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low structural stability, and flexibility are in great demand to achieve much better
performance in energy-related applications.[16]
Since the discovery of graphene, atomically thin 2D nanomaterials have
received increasing research interests in recent years. As a conceptually-new class of
materials, these nanomaterials possess single- or few-layer atomic thickness, infinite
lateral size, large surface area, high transparency, and high structural stability and
flexibility, which endow them with excellent mechanical, electronic, optical, and
give them magnetic properties and enormous applicability in areas ranging from
catalysis

to

electronics,

and

to

next-generation

flexible

and

transparent

nanodevices.[17-19] For instance, Zhang’s group prepared single-layer and multilayer
MoS2 and WSe2 nanosheets through mechanical exfoliation and successfully applied
them in gas sensors and phototransistors.[20] Nicolosi’s group showed that some
transition-metal dichalcogenides, such as MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2,
NiTe2, BN, and Bi2Te3, could be easily exfoliated into individual layers in common
solvents.[21] To date, however, the reported atomically thin nanosheets are mainly
layered materials with strong in-plane chemical bonds but weak out-of-plane van der
Waals bonds, which could be easily exfoliated by breaking the weak out-of-plane
bonds through mechanical cleavage, liquid exfoliation, and ion-intercalation
followed by exfoliation.[22,23] For non-layered materials (such as the transition metal
oxides), however, it is very difficult to prepare ultrathin nanosheets through
exfoliation or delamination due to their strong atomic bonds in three dimensions and
the lack of intrinsic driving force for 2D anisotropic growth. In regard to this,
controlled assembly of small building blocks has been considered to be the most
exclusive approach for the preparation of ultrathin non-layered nanocrystals.[24] For
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example, Yan’s group prepared ultrathin 2D nanoflakes of transition metal
phosphates, including FePO4, Mn3(PO4)2, and Co3(PO4)2, through 2D assembly of
cylindrical micelles formed by the amphiphilic precursors in the nonpolar solvent.[25]
Xie’s group synthesized atomically thin tetragonal SnO2 nanosheets through
hydrothermal reaction, which exhibit efficient catalytic oxidation of CO.[26] They
also prepared atomic cobalt layers for carbon dioxide electroreduction and showed
that the partial oxidation of the atomic layers dramatically increases their intrinsic
catalytic activity.[11] However, even though many efforts have been devoted, the
atomically thin nanomaterials with a non-layered structure are still difficult to
prepare. In addition, the question as to whether we could assemble atomically thin
nanomaterials from molecules in a generalized approach still remains unresolved.

1.2. Objectives of the Research
Herein, in this thesis, a generalized and fundamental approach was developed for the
synthesis of atomically thin transition metal oxides by rationally employing the
lamellar reverse micelles of P123 surfactant template. It is worth noting that the
synthesized ultrathin transition metal oxide nanosheets possess confined thickness,
high specific surface area, obvious structural distortion and abundant chemically
active sites. As a result, these atomically thin nanosheets exhibit high catalytic
activity towards OER, present high specific capacity and long cycle life in LIBs, and
show obvious capacitive storage behavior with high rate capability and high cycling
stability in SIBs. This generalized bottom-up assembly approach for the preparation
of atomically thin nanosheets should make possible the structural optimization of
conventional nanomaterials with high surface area, and high chemical activity and
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structural stability. The applications of these atomically thin nanostructures could
also be extended to other areas such as nanostructured electronics, photonics, sensors
and superwetting surfaces.

1.3. Thesis Structure
For the purpose of developing a generalized method for the preparation of atomically
thin transition metal oxides, the phase behavior of the surfactant P123 in the
surfactant-water-oil equilibrium system was manipulated and controlled by
intelligent design. Moreover, in order to study the electrochemical performance of
these atomically thin transition metal oxides in energy conversion and storage
applications, detailed structural characterizations and electrochemical measurements
are performed, and their relationship is discussed deeply in this work. The scope of
this thesis work is briefly outlined as follows:
Chapter 1 introduces the background of nanostructured materials in energy
conversion and storage applications and expounds the importance and significance of
this work.
Chapter 2 presents a literature review on recent progress in atomically thin 2D
nanomaterials with layered or non-layered structures, including their preparation
methods, structural features, and energy-related applications.
Chapter 3 presents the detailed preparation methods, as well as the structural
and electrochemical characterization techniques for atomically-thin 2D transition
metal oxides.
Chapter 4 introduces a generalized P123 surfactant-assisted bottom-up
assembly approach for the synthesis of atomically thin 2D transition metal oxides,
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including TiO2, ZnO, Co3O4, WO3, Fe2O3, and MnO2 nanosheets.
Chapter 5 investigates the effects of atomic thickness, mesoporosity, and
structural distortion of atomically thin Co3O4 nanosheets on OER catalytic activity.
Chapter

6

introduces

an

‘atomic

layer-by-layer’

Co3O4/graphene

nanocomposite and its performance in LIBs.
Chapter 7 investigates the capacitive Na+ storage behavior of the Co3O4
nanosheets coated stainless steel mesh in SIBs.
Chapter 8 summarizes the work in this thesis and provides some prospects for
the synthesis of other materials and for applications in other areas.
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Chapter 2
2. Literature Review
2.1. Introduction of Atomically Thin 2D Nanomaterials
Atomically thin 2D nanomaterials, with only a few atoms of thickness and very large
lateral size, are a conceptually-new class of materials.[1-3] One of the most
representative examples is graphene that was discovered in 2004.[4] After that, a
variety of atomically thin 2D nanomaterials have been successfully developed such
as boron nitride (BN),[5,6] black phosphorus,[7,8] various metals,[9,10] transition metal
dichalcogenides (TMDs),[11-13] and transition metal oxides.[14,15] These ultrathin
nanosheets possess fascinating properties including extremely high surface area,
large amounts of electrochemical active sites, obvious lattice structural distortion,
high transparency, and high structural stability and flexibility, which could provide
promising opportunities to satisfy people’s requirements for next-generation
optoelectronic and energy-related nanodevices.[1,2]
The nanomaterials mainly consist of two types based on their crystal structure:
layered materials and non-layered materials.[2] Layered materials (e.g. graphite, BN,
and MoS2) are defined as solids with strong in-plane chemical bonds but weak outof-plane, van der Waals bonds.[16,17] For instance, most of the TMDs nanostructures
are composed of hexagonal layers of metal atoms (M) sandwiched between two
layers of chalcogen atoms (X) with a stoichiometry of MX2. Although the bonding
within these trilayer sheets is predominantly covalent in nature, adjacent sheets stack
via van der Waals interactions to form a 3D crystal.[18] Non-layered materials
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(including some transition metal oxides and chalcogenides) possess relatively strong
out-of-plane chemical bonds.[2] For example, Co3O4 adopts a cubic inverse spinel
structure with strong ionic Co-O bonds in three dimensions. It is well known that
layered materials could be easily exfoliated into atomically thin nanosheets by
breaking the weak out-of-plane bonds through mechanical exfoliation and liquid
exfoliation. For non-layered materials, however, it is very difficult to prepare
atomically thin nanosheets through exfoliation or delamination due to their strong
chemical bonds in three dimensions. In this case, wet-chemical synthesis has
emerged as a promising approach towards the high-yield mass production of high
quality and atomically-thin non-layered materials.[19-24]
In this literature review, the main strategies, including mechanical
exfoliation,[25-27] liquid exfoliation,[16-18,28] chemical vapor deposition (CVD)[29-32] and
wet-chemical synthesis, for the preparation of atomically-thin layered and nonlayered nanomaterials are summarized. The energy-related applications of these
atomically thin nanomaterials in catalysis, supercapacitors, LIBs and SIBs are also
introduced in detail.

2.2. Preparation Methods for Atomically Thin
Nanomaterials
2.2.1. Mechanical Exfoliation
Mechanical exfoliation was first applied to produce graphene by Geim and
Novosolov,[25] and now has been utilized in the preparation of other atomically thin
nanosheets of layered materials, e.g. BN and TMDs.[13,33,34] In a typical mechanical
exfoliation process, appropriately thin crystals are first peeled off from their layered
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bulk crystals by using adhesive Scotch tape. These newly cleaved thin crystals on
Scotch tape are brought into contact with a proper substrate and rubbed using some
tools to further cleave them. After the Scotch tape is removed, single-layer and
multilayer nanosheets are left on the substrate (Figure 2.1).[33] Zhang’s group
prepared single-layer and multilayer MoS2 and WSe2 nanosheets through this method
and utilized a simple optical identification method, Raman characterization, and
magnetic force microscopy to accurately identify the layer number of the
nanosheets.[13] Geim’s group reported the preparation of several high-quality singlelayer crystals of graphite, dichalcogenides (MoS2, NbSe2), and complex oxides
(Bi2Sr2CaCu2Ox) (Figure 2.2), which are stable under ambient conditions and
continuous on a macroscopic scale.[34] As described by these reports, the mechanical
exfoliation could produce clean nanosheets with high quality, high crystallinity, and
large lateral size, which are ideal for high-performance electronic devices and
condensed-matter phenomena. However, the practical application of this method is
severely limited, however, by the uncontrollable thickness, low throughput, and
unsuitability for mass production.[35]
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Figure 2.1 Schematic drawing of mechanical exfoliation process for the preparation
of atomically thin nanosheets.[33]

Figure 2.2 Single-layer nanocrystals of NbSe2 (a), graphite (b), Bi2Sr2CaCu2Ox (c),
and MoS2 (d).[34]
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2.2.2. Liquid Exfoliation
As a promising alternative, liquid exfoliation was developed to prepare atomically
thin nanomaterials with high yield and controllable layer number. The working
mechanism of liquid exfoliation involves increasing the inter-layer distance and
weakening the van der Waals interactions by inserting guest ions or molecules under
mechanical ultrasonication or an electric field, followed by delaminating the layered
materials

down

to

atomically

thin

nanosheets

in

suitable

solvents

or

surfactant/polymer solutions (Figure 2.3).[16] Herein, four liquid exfoliation
techniques for preparing atomically-thin layered materials are introduced. The
advantages and disadvantages of these techniques are also discussed.

Figure 2.3 Schematic drawing of liquid exfoliation process for the preparation of
atomically thin nanosheets.
The earliest developed method is oxidation and subsequent dispersion into
proper solvents. One typical example is the preparation of graphene through the
Hummers’ method (Figure 2.4).[36] In detail, strong oxidizers such as sulphuric acid
and potassium permanganate first introduce hydroxyl and epoxide groups onto the
basal planes of graphite and make it superhydrophilic. Water molecules are then
intercalated into the interlayer spaces and large-scale exfoliation occurs under
mechanical ultrasonication, which leads to the formation of well-dispersed graphene
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oxide nanosheets. The graphene oxide nanosheets are finally chemically reduced to
graphene nanosheets in the liquid phase. It is noteworthy that, although this approach
is capable of mass production, the as-prepared nanosheets contain many defects, and
they easily aggregate unless suitable surfactant or polymer solutions are used.[16,35]

Figure 2.4 Preparation of graphene by chemical reduction of graphene oxide
prepared by Hummers’ method.[36]
Atomically thin nanomaterials can also be prepared by intercalation of layered
bulk compounds by molecules (such as ICl and IBr), Li ions, or Na ions to form the
so-called “inclusion complexes”, which are then fully exfoliated by sonication in
solution.[16,37-39] For instance, few-layer BN, NbSe2, WSe2, Sb2Se3, and Bi2Te3
nanosheets were successfully prepared by optimizing the electrochemical lithium
intercalation conditions with different cut-off voltages (Figure 2.5).[40] In detail, the
electrode was first prepared by coating the mixed slurry with active layered materials
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on copper foil (Figure 2.5a). Then, the lithium-ion battery was assembled in an Arfilled glove box by using the prepared electrode as the cathode, lithium foil as the
anode, polypropylene film as the separator, and 1 M LiPF6 in EC/DEC mixed solvent
as the electrolyte (Figure 2.5b). The assembled battery was connected to a Neware
battery test system, and the lithium intercalation was performed through
galvanostatic discharge at a small current of 0.025 mA (Figure 2.5c). In this process,
the cut-off voltage was exactly controlled to avoid the decomposition of the lithiumintercalated compound. After that, the cell was dismantled and the electrode was
taken out (Figure 2.5d). The electrode was washed with acetone and then immersed
in Milli-Q water deoxygenated with N2 in a closed vial. A suspension of the
exfoliated and well-dispersed atomically thin nanosheets was finally obtained after
sonication for 10 minutes (Figure 2.5e). This liquid exfoliation method is highly
efficient and industrially scalable with high yield of monolayers. However, some
drawbacks also exist such as relatively small lateral size, large amount of defects,
and possible phase transformation of the atomically thin nanosheets. In addition, the
process is very sensitive to ambient conditions such as the presence of water and
oxygen.[35]
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Figure 2.5 Electrochemical lithium intercalation for the preparation of atomically
thin nanosheets from the layered bulk material (MN=BN, metal selenides, or metal
tellurides in LixMN).[40]
Inter-layer ion exchange methods take advantage of the fact that layered
double hydroxides (LDHs)[41] and some metal oxides[42] contain an exchangeable
interlayer of cationic counterions. The ion exchange is normally conducted by
dipping the layered bulk materials into concentrated aqueous solutions of the target
anions. Hu’s group reported the successful exfoliation of CoCo, NiCo, and NiFe
LDHs by inter-layer ion exchange.[43] The CoCo and NiCo LDHs with Br- anions
were prepared via a topochemical approach, while the NiFe LDH with CO32- anions
was obtained by a hydrothermal process. To expand the inter-layer distance and
further weaken the van der Waals interactions, NO3- for CoCo and NiCo LDHs, and
ClO4- for NiFe LDH were incorporated to exchange them with the original anions.
As a consequence, the inter-layer distance increased from 7.8 Å to 8.7 Å for CoCo
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and NiCo LDHs, and 7.7 Å to 7.9 Å for NiFe LDHs. The increased inter-layer
spacing after anion exchange allowed the delamination of LDHs to atomically thin
nanosheets in suspension after being dispersed in purged formamide under vigorous
stirring for 24 h (Figure 2.6). This method is very effective for preparing atomically
thin nanomaterials with a high yield of monolayer nanosheets, while it is severely
limited because there are only a few suitable layered materials.[16,35]

Figure 2.6 TEM images of CoCo LDH-Br- (a), NiCo LDH-Br- (b), NiFe LDH-CO32(c), and corresponding energy-dispersive X-ray spectra (d). Scale bars: 150 nm.[43]
The aforementioned methods are time-consuming, sensitive to environment
conditions, and incompatible with most solvents. In view of this, some groups have
developed a non-chemical liquid exfoliation method in appropriate organic solvents
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to produce high-quality atomically thin nanomaterials,[44,45] which is enabled by the
suitable surface energy of the solvents, which facilitate exfoliation and avoid
reaggregation of the layered materials. Coleman’s group first reported the exfoliation
of graphite in N-methyl-pyrrolidone (NMP) solvent.[46] The exfoliated graphene
nanosheets are well-dispersed because the energy difference between the exfoliated
and reaggregated states is very small, reducing the driving force for reaggregation.
They then found that high-quality atomically thin black phosphorus with controllable
size and observable photoluminescence could also be exfoliated on a large scale in
N-cyclohexyl-2-pyrrolidone.[45] In addition, since the solvation shells protect the
nanosheets and separate them from contact with water and oxygen, the nanosheets
are very stable in N-cyclohexyl-2-pyrrolidone. Nicolosi’s group investigated the
exfoliation of layered materials in solvents with different surface tensions.[18]
Layered materials such as MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN,
and Bi2Te3 could be effectively dispersed in solvents such as NMP and isopropanol
(IPA) (Figure 2.7). They found that the most effective solvents have a surface tension
close to γ~40 mJ m-2. The dispersive, polar, and H-bonding components of the
cohesive energy density should be within certain well-defined ranges. This method
creates high-quality atomically thin nanosheets with much larger lateral size and
fewer defects compared with other methods, while whether similar solvents are also
effective towards other layered materials is still unknown.[16,35]
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Figure 2.7 Characterization of atomically thin nanosheets. (a-c) Concentrations of
MoS2, WS2, and BN nanosheets dispersions (plotted as A/l) in a range of solvents
with different surface tensions (γ) after centrifugation. (d) Optical images of MoS2
dispersion in NMP, WS2 dispersion in NMP, and BN dispersion in IPA. (e)
Absorbance spectra of MoS2 (NMP, 0.16 mg ml-1), WS2 (NMP, 0.15 mg ml-1), and
BN (IPA, 0.002 mg ml-1) dispersions. (f) Lambert-Beer plots for MoS2, WS2, and BN
dispersions.[18]

2.2.3. Chemical Vapour Deposition
CVD has been proved to be an effective method for preparing single-layer graphene
on a large scale on copper foils.[29,48] Subsequently, great efforts have been devoted
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to producing single-layer TMDs through CVD.[49-57] Here we mainly introduce three
approaches to the preparation of atomically thin TMDs. The first approach is through
the vaporization and decomposition of metal and chalcogen precursors, followed by
deposition of TMDs on a substrate.[58] Figure 2.8a and b shows the CVD growth of
atomically thin TMDs by vaporization and decomposition of a single precursor in
solution (such as (NH4)2MoS4 in DMF for MoS2) and of metal and chalcogen
precursors in solid forms (such as MoCl5 and C8H18Se for MoSe2), respectively.
Taking the preparation of MoS2 for example, a two-step thermolysis process shown
in Figure 2.8c was conducted by dip-coating the substrate in (NH4)2MoS4, which was
converted to MoS2 by heat treatment at 500 °C followed by further sulfurization and
crystallization under annealing at 1000 °C. This method can also be applied to grow
epitaxial MoS2 layers on graphene.[59] The second approach is to directly sulfurize
the metal film. Lou’s group successfully synthesized atomic-layered MoS2 by
introducing sulfur and sulfurizing the Mo thin film, which can either be used directly
or be easily exfoliated from the SiO2 and transferred to an arbitrary substrate for
further device fabrication (Figure 2.8d).[60] The third approach is to convert MO3 to
MS2 by sulfurization. Lin’s group used MoO3 and S powders as the reactants and
synthesized atomically thin MoS2 nanosheets directly on SiO2/Si substrates by the
CVD method.[61] The successful growth of MoS2 nanosheets lies in the treatment of
the substrate. They reported that the use of graphene-like molecules, such as reduced
graphene oxide, perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt, and
perylene-3,4,9,10-tetracarboxylic dianhydride, effectively facilitates the growth of
MoS2 nanosheets (Figure 2.8e). The precursors and growth conditions of various
TMDs obtained using above three CVD approaches are summarized in Table 2.1.
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Generally, the CVD method could be used to prepare high quality atomically thin
nanosheets with large lateral size, controllable thickness, and few defects. Despite
this, the requirements of high temperature, high vacuum, high cost, and complex
experimental procedures still impede its wide application.[35]

Figure 2.8 Chemical vapor deposition of atomically thin TMDs. (a, b) CVD
preparation of ultrathin TMDs by vaporization and decomposition of a single
precursor in solution or precursors of metal and chalcogen in solid forms.[58] (c)
Schematic drawing of an atomically thin MoS2 layer deposited by two-step
thermolysis and the films obtained on a sapphire and silica substrate.[59] (d)
Schematic illustration showing the preparation of ultrathin an MoS2 nanosheets by
sulfurization of Mo thin film.[60] (e) Schematic illustration showing the growth of
MoS2 monolayer on a sample substrate by sulfurization of MoO3 with S powders.[61]
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Table 2.1 Summary of precursors, growth conditions, and morphologies of various
TMDs obtained using chemical vapour deposition.
TMD
MoS2[58]

Precursor

Growth condition

Morphology

(NH4)2MoS4 in DMF by bubbling

200 m Torro to 2 Torr

Hexagonal flake with 2 to

with Ar

at 400 °C

5 nm thickness

MoCl5 (heating at 255 °C)
MoSe2[55]

C8H18Se (70 °C) or C4H10Se
(90 °C)

WS2[56]
VSe2[57]

WSe2[62]

TiS2[63]

Atmosphere at 450 ─
600 °C

WOCl4 (heating at 176 °C)

Atmosphere at 250 ─

HS(CH2)2SH (heating at 63 °C)

600 °C

V(NMe2)4 (heating at 130 °C)

Atmosphere at 250 ─

C8H18Se (heating at 90 °C)

500 °C

WOCl6 (heating at 260 °C)

Atmosphere at 450 ─

C4H10Se (heating at 70 °C)

600 °C

Ti(NMe2)4 (heating at 150 °C)

Atmosphere at 300 ─

BuSH (57 °C) or Bu2S2 (115 °C)

600 °C

Thin film for C8H18Se
Needle-like structures for
C4H10Se
Thin film
This hexagonal platelets
Plate-like crystallites
mixed with needle-like
crystals
Thin film

2.2.4. Wet-Chemical Synthesis
For the preparation of high-yield, low-cost, and industrially scalable non-layered
nanomaterials, wet-chemical synthesis has been proved to be the most effective
method.[19-24] To date, the previously reported preparation methods for non-layered
nanomaterials can be classified into hydro/solvothermal synthesis, 2D templated
synthesis, and assembly of low-dimensional nanocrystals.
2.2.4.1. Hydro/Solvothermal Synthesis
Hydro/solvothermal synthesis is the most widely used method to prepare atomically
thin nanomaterials.[64-70] Li’s group reported the successful fabrication of
poly(vinylpyrrolidone)-supported single-layered rhodium nanosheets through a facile
solvothermal method.[64] The synthesized rhodium nanosheets are semi-transparent
with an edge length of 500-600 nm and a thickness of ~0.4 nm (Figure 2.9). This is
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the first report of the synthesis of single-layer metal nanosheets through the
solvothermal method. Recently, Xie and co-workers successfully produced 4-atomthick Co and partially oxidized Co nanosheets (~0.84 nm thick) through a
hydrothermal method (Figure 2.10).[65] Dimethylformamide and n-butylamine were
used to reduce the metal ions and enforce the sheet morphology during the
hydrothermal reaction, respectively. They also synthesized other non-layered
atomically thin nanosheets including ZnSe,[66] CeO2,[67] In2O3,[15] SnO2,[68] Co9Se8,[69]
and Co9S8-oleylamine hybrid[70] through the hydro/solvothermal method. Taking the
synthesis of ZnSe nanosheets for example, as shown in Figure 2.11, the lamellar
organic-inorganic intermediate of (Zn2Se2)(n-propylamine) was first synthesized
using a solvothermal method. Then the hybrid intermediates were exfoliated by
sonication to obtain free-standing ultrathin ZnSe nanosheets, respectively.[66] This
general lamellar hybrid intermediate strategy could also be extended to the
preparation

of

nanomaterials.

other

clean

and

freestanding

atomically-thin

non-layered
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Figure 2.9 Characterization of atomically thin Ph nanosheets. (a, b) TEM images of
the PVP-capped Rh nanosheets. (c) High-resolution TEM images (higher
magnification in inset) of a PVP-capped Rh nanosheet. (d) AFM image and the
corresponding height profiles. Scale bars: 1 μm (a), 100 nm (b), 2 nm (c), 200 nm
(d).[64]
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Figure 2.10 Schematic illustration of the synthesis and characterization of Co 4atom-thick layers with and without surface oxide. (a) Schematic drawing showing
the formation mechanism of partially oxidized and pure Co atomic layers,
respectively. (b) AFM image and the corresponding height profiles (c) of partially
oxidized Co atomic layer.[65]

Figure 2.11 Schematic illustration showing the general lamellar hybrid intermediate
strategy for synthesizing clean and freestanding single layers of non-layered
compound.[66]
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2.2.4.2. Template-Assisted Synthesis
Templates have been widely used to direct the synthesis of various nanomaterials.[7175]

Atomically-thin non-layered nanomaterials can be synthesized under the direction

of 2D nanomaterials prepared as templates. Zhang’s group prepared ultrathin Au
square nanosheets with a thickness of ~2.4 nm and size of 200-500 nm by reducing
HAuCl4 with 1-amino-9-octadecene on graphene oxide template (Figure 2.12).[9] The
as-synthesized Au nanosheets could be further utilized as the template to direct the
growth of other noble metals such as Ag, Pt, or Pd in ultrathin layers on its
surface.[72,73] They also reported the use of as-prepared nanosheets as reactive
templates to prepare new atomically thin nanomaterials with well-maintained size
and morphology. For instance, by utilizing 4.8 nm-thick CuS nanosheets as the
template, a series of copper-based ternary and quaternary chalcogenide nanosheets,
including CuInS2, CuInxGa1-xS2, and Cu2ZnSnS4, can be successfully prepared via the
cation exchange process.[74] Moreover, topochemical phase transformation can be
realized by using the as-prepared nanosheets as templates. For example, hexagonalphase CuSe nanosheets could be transformed into cubic-phase Cu2-xSe nanosheets by
a simple heat treatment in the presence of CuI cations.[75] NiO and Co3O4 can also be
obtained

from

treatment.[76,77]

α-Ni(OH)2

and

α-Co(OH)2,

respectively,

through

similar
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Figure 2.12 TEM analysis of Au square nanosheets. (a) TEM image of ~2.4 nm
thick Au square nanosheets on a graphene oxide (GO) surface, with the inset a
schematic illustration of the crystal structure. (b) HRTEM image. (c) SAED pattern
of an Au square nanosheet on a GO surface, showing the spots for the [110]h zone
axis of the Au square nanosheets. (d) SAED pattern of [320]h zone axis.[9]
Soft-colloidal templated synthesis is another widely used method, in which
long-chain oleylamine, oleic acid, or poly(oxyethylene) monoalkyl ethers are used as
the soft templates to direct the crystal growth of these nanosheets.[78-81] For example,
Hyeon and co-workers synthesized ultrathin CdSe nanosheets using soft colloidal
templates of alkyl amine and oleic acid.[80] Zhang’s group prepared atomically thin
CuS nanosheets in gram amounts by using oleylamine and octylamine as the soft
templates and the direct agents.[81] The synthesized ultrathin CuS nanosheets feature
a hexagonal phase with a plane length of ~453 nm and a thickness of ~3.2 nm
(Figure 2.13).
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Figure 2.13 FESEM and TEM images of the atomically thin CuS nanosheets.[81]
2.2.4.3. Assembly of Low-Dimensional Nanocrystals
Low-dimensional nanocrystals such as nanoparticles and nanowires can selfassemble to form atomically thin 2D nanosheets under proper reaction conditions,
which is also a promising approach to the preparation of ultrathin nanosheets.[82-87]
The assembly of small nanocrystals is an entropy-driven crystal growth process,
which minimizes high-energy facets of and interfaces between nanocrystals.
Atomically thin PbS (Figure 2.14),[82,83] WO3,[84] and Au nanosheets[85] have been
prepared through assembly of small nanoclusters. Eu2O3 and PbS nanosheets were
also successfully assembled with nanowires as the building blocks.[86,87]

Figure 2.14 Schematic illustration of the PbS nanosheets assembled from small
nanocrystals (a) and the corresponding TEM image (b).[82]
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Applications

of

Atomically

Thin

Nanomaterials
Atomically thin nanomaterials have been successfully applied in energy-related
applications due to their fascinating structural features of atomic thickness, lattice
structural distortion, high surface area, high structural stability and flexibility.[1,2]
Herein, we mainly summarize their applications in the most popular fields of
catalysis, supercapacitors, LIBs, and SIBs.[17,35]

2.3.1. Catalysis
2.3.1.1. Water Splitting Catalysis
Electrocatalytic water splitting is an effective approach to providing hydrogen and
oxygen for rechargeable fuel cells and metal-air batteries. It involves two
electrochemical reactions of the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). Atomically thin nanomaterials with a large fraction of
low-coordinated surface or edge atoms could serve as the active sites for catalysis of
water splitting.[3,88] Chorkendorff’s group proved experimentally and theoretically
that the sulfide-terminated Mo-edge, as the dominant edge structure in 2H MoS2
nanostructures, provides more active sites for HER compared with the basal plane.[89]
Evidence also suggests that hybridization with other nanomaterials normally leads to
much

better

performance.

For

instance,

Xiang’s

group

synthesized

TiO2/MoS2/graphene composite for catalytic water splitting, which exhibits a high H2
production rate of 165.3 μmol h-1.[90]
In addition to electrocatalytic water splitting, photocatalytic water splitting is
another important method to produce hydrogen. Xie’s group demonstrated that
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ultrathin ZnSe nanosheets are an effective catalyst for photoelectrochemical solar
water splitting.[66] The single-layer ZnSe nanosheet photoelectrode showed
photocurrent density of 2.14 mA cm-2 at 0.72 V under irradiation by a 300 W Xe
lamp, which is much higher than those of other ZnSe-based photoelectrodes, and
roughly 195 times higher than that of its bulk counterpart (Figure 2.15). In2O3 and
CdS nanosheets have also been proved to be highly efficient photocatalysts for the
HER.[15,91]

Figure 2.15 Photoelectrochemical characterizations of ultrathin ZnSe nanosheets. (a)
Photocurrent density versus applied potential curves under chopped 300 W Xe lamp
irradiation. (b) Monochromatic incident photon-to-electron conversion efficiency
(IPCE). (c) Transient decay time. (d) EIS spectra, with the inset showing an
enlargement of the indicated range. ZnSe single layers (magenta), ZnSe-pa double
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layers (blue), ZnSe-pa quadruple layers (olive), ZnSe-pa octuple layers (cyan),
(Zn2Se2)(pa) (purple), and bulk ZnSe (red).[66]
The water splitting process is severely impeded by the OER due to its sluggish
reaction kinetics. Xie’s group studied the H2O adsorption process on atomically thin
Co3O4 nanosheets during OER catalysis.[92] DFT calculations showed that H2O
adsorption occurs more easily on Co3+ atoms with lower coordination number
(Figure 2.16). Specifically, when the coordination number decreases from 6 to 3, the
corresponding adsorption energy increases from 0.11 to 0.60 eV, which consequently
leads to improved catalytic activity towards OER catalysis.

Figure 2.16 OER catalysis on atomically-thin mesoporous Co3O4 nanosheets. (a)
H2O adsorption energy on Co3+ sites with different coordination numbers (CN). (b)
Crystal structure showing the coordination numbers for surface and pore-surrounding
Co3+ atoms. (c) Advantages of atomically-thin mesoporous Co3O4 nanosheets for the
OER.[92]
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2.3.1.2. CO Oxidation Catalysis
Atomically thin CeO2 nanosheets with ~20% surface pits were demonstrated to be a
highly efficient catalyst for CO oxidation.[67] The presence of pits decreases the
coordination number of Ce from 6 to 5 or 4, with an average value of 4.6. Theoretical
calculations showed that the 4-coordinated and 5-coordinated Ce sites are the most
active sites for the catalysis of CO oxidation. As a result, the pit-confined CeO2
nanosheets effectively converted 50% of CO to CO2 at 131 °C, which was much
lower than for the intact CeO2 nanosheets (248 °C) and bulk CeO2 (345 °C) (Figure
2.17a). Moreover, the apparent activation energy of pit-confined CeO2 nanosheets is
as low as 61.7 kJ mol-1, while that for CeO2 nanosheets and bulk CeO2 is 89.1 and
122.9 kJ mol-1, respectively (Figure 2.17b). It is noteworthy that the pit-confined
CeO2 nanosheets exhibit the highest catalytic activity towards CO oxidation
compared with previously reported CeO2-based catalysts. Xie’s group also
demonstratred that 0.6 nm-thick ultrathin SnO2 nanosheets with unsaturated
coordination numbers also provide highly active sites and exhibit excellent
performance in the catalytic oxidation of CO.[68]

Figure 2.17 Catalytic performance of atomically thin CeO2 nanosheets in CO
oxidation. (a) Catalytic activity of three CeO2 samples towards CO oxidation versus
reaction temperature. (b) Arrhenius plot of three CeO2 samples.[67]
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2.3.1.3. CO2 Reduction Catalysis
Catalytic reduction of CO2 plays a vital role in addressing the global warming issue
and providing useful fuels for other applications.[93] Xie’s group reported the
effective electroreduction of CO2 to formate (HCOO-) by partially oxidized atomic
Co layers.[65] They found that the surface Co atoms of the atomically thin nanosheets
showed higher catalytic activity compared with bulk surface atoms. More remarkably,
the partial oxidation of the atomically thin Co nanosheets dramatically enhanced
their catalytic activity (Figure 2.18), which was mainly attributable to the increased
CO2 adsorption and the improved H+ transfer. CO2 could also be photocatalytically
reduced to CH4 for energy storage applications. As a typical example, ultrathin and
single-crystal WO3 nanosheets showed high photocatalytic activity towards the
reduction of CO2 to hydrocarbon fuels, while this kind of photocatalytic activity did
not exist in their bulk counterparts.
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Figure 2.18 Catalytic performance of partially oxidized atomic Co layers in CO2
reduction. (a) LSVs in a CO2-saturated (solid lines) and N2-saturated (dashed lines)
0.1 M Na2SO4 aqueous solution. (b) Faradaic efficiencies of formate at each given
potential for 4 h. (c) Charging current density differences versus scan rate. (d)
Chronoamperometry results at each given potential.[65]

2.3.2. Supercapacitors
Atomically thin transition metal hydroxides (e.g. α-Ni(OH)2 and β-Co(OH)2) and
oxides (e.g. NiO and Co3O4) have been widely investigated for high-performance
supercapacitors, because they exhibit high specific capacity, excellent rate capability,
and long cycling stability.[94,95] As a typical example, Zhu and co-workers
synthesized atomically thin α-Ni(OH)2 nanosheets (thickness < 2 nm) via a
microwave-assisted liquid-phase growth approach.[76] The ultrathin α-Ni(OH)2
nanosheets delivered a specific capacitance of 4172.5 and 2680 F g-1 at a current
density of 1.0 and 16 A g-1, respectively, indicating the high specific capacitance and
high rate capability (Figure 2.19a,b). There is 98.5% retention of the specific
capacitance after 2000 cycle at 16 A g-1, which demonstrates the long-term cycling
stability of the ultrathin α-Ni(OH)2 nanosheets (Figure 2.19c). The high rate
capability and reversibility could also be obtained from the Nyquist plots shown in
Figure 2.19d.
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Figure 2.19 Electrochemical performance of atomically thin α-Ni(OH)2 nanosheets.
(a) Discharge curves. (b) Rate capability. (c) Cycling performance at different
current densities, with the inset showing the galanostatic charge-discharge curves at
4 A g-1. (d) EIS results before and after cycling at 4 A g-1, with the top inset showing
the equivalent circuit and the bottom inset an enlargement of the high frequency
region.[76]

2.3.3. Rechargeable Batteries
Atomically thin nanomaterials used as electrodes of rechargeable batteries, such as
LIBs and SIBs, exhibit several significant advantages.[17,96] Firstly, the ultrathin
nanosheets possess highly accessible surface areas and a large fraction of surface
atoms, which facilitates the contact and reaction between the electrode and the
electrolyte. Secondly, the atomic thickness of the nanosheets dramatically shortens
the ion diffusion paths in the crystals, which consequently contributes to the facile
reaction kinetics with easy Li+/Na+ insertion and deinsertion. Thirdly, the structural
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flexibility and stability of the atomically thin nanosheets effectively alleviate the
volume expansion and structure degradation during the charge/discharge process,
leading to greatly improved cycling performance. Fourthly, different atomically thin
nanomaterials can be easily coupled with each other (e.g. Co3O4/graphene) and form
an atomic layer-by-layer composite. The enhanced synergistic effect between
different components dramatically improve the specific capacity and rate capability
of the composite.
Atomically thin Co3O4 nanosheets were synthesized by Xie’s group and used
as an anode material for LIBs.[77] The novel electrode delivers the highest reversible
capacity of 1308.6 mAh g-1 at 0.1 C compared with previously reported results (less
than 1100 mAh g-1), and exhibits excellent rate capability of 937.8 mAh g-1 at 1 C.
The high specific capacity and excellent rate capability are mainly attributable to the
enhanced surface lithium storage on the large surface area of the Co3O4 nanosheets.
Jiang and co-workers successfully prepared an inter-overlapped superstructure of 2D
monolayer MoS2-carbon nanocomposite, in which single-layer MoS2 and m-C are
sandwiched layer-by-layer in an alternating sequence (Figure 2.20).[97] This unique
hybrid structure can effectively address the problems faced by MoS2-based anode
materials for LIBs by: a) improving the electrical conductivity of the MoS2
nanosheets; b) avoiding the restacking of MoS2 nanosheets, c) accommodating the
volume changes during the charge/discharge process; d) alleviating the shuttling of
polysulfide ions, and e) more importantly, providing large interfacial areas for
effective Li+ storage. As a result, the MoS2/m-C layer-by-layer structure exhibits a
reversible capability of 1183 mAh g-1 at 0.2 A g-1 with excellent rate capability of
943 mAh g-1 at 6.4 A g-1, and long cycle life up to 500 cycles without obvious
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capacity fading, demonstrating its great potential as a promising anode material for
LIBs.

Figure 2.20 Li+ storage at MoS2/carbon atomic interface in a composite with an
atomic layer-by-layer superstructure.[97]
Many atomically thin phosphate-based materials, transition metal oxides, and
transition metal chalcogenides have been demonstrated to be effective electrode
materials for SIBs.[98-101] For instance, Cui’s group reported a phosphorene-graphene
hybrid structure with phosphorene layers sandwiched between graphene layers
(Figure 2.21a-c).[98] Due to the synergistic effects between phosphorene and
graphene, the layer-by-layer composite delivers a high specific capacity of 2440
mAh g-1 at 20 mA g-1 and shows a high capacity retention of 2025 mAh g-1 after 100
cycles (Figure 2.21d). Huang’s group developed a hybrid electrode with TiO2
nanosheets grown on graphene substrate.[99] The electrode delivers a reversible
capacity of 90 mAh g-1 at ~36 C, and exhibits a very stable and long cycle life of
4000 cycles. The excellent electrochemical performance is mainly attributable to the
enhanced Na+ intercalation pseudocapacitive storage. Similarly, Fan’s group grew
ultrathin SnS nanosheets on graphene foam, which delivers a high reversible capacity
of about 1100 and 420 mAh g-1 at 30 mA g-1 and 30 A g-1, respectively, and also
presents excellent rate capability and high cycling stability.[100]
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Figure 2.21 Structural and electrochemical characterization (in SIBs) of
phosphorene-graphene hybrid structure. (a) Optical images of graphene, phosphorene,
and mixed phosphorene-graphene hybrid dispersions in NMP. (b) TEM image of the
phosphorene-graphene hybrid. (c) HRTEM image of a cross-section of the sheet
edge in (b). (d) Reversible desodiation capacity and CE of the initial 100 cycles for
the hybrid anode tested at different current densities.[98]
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Chapter 3
3. Experimental Procedure
3.1. Overview
The general procedure of this thesis work is shown in Figure 3.1. Various atomically
thin transition metal oxides nanosheets were first synthesized through a surfactantassisted bottom-up assembly approach. Then, the phases and structural features were
characterized by a series of techniques, such as X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA), Brunauer-Emmett-Teller (BET) measurements, atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmission electron microscopy
(TEM). Their electrochemical performances were finally measured for use in OER
catalysis, LIBs and SIBs.
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Figure 3.1 The general procedure of this thesis work.

3.2. Chemicals and Materials
The chemicals and materials used in this work are listed in Table 3.1.
Table 3.1 Chemicals and materials used in this work.
Chemicals

Formula

Purity (%)

Supplier

Acetone

(CH3)2CO

99

Ajax Finechem

Ethanol

C2H5OH

Reagent

Ethylene Glycol

(CH2OH)2

Chem-Supply Pty.
Ltd.

+

99

Sigma-Aldrich

N/A

Sigma-Aldrich

98

Sigma-Aldrich

Polyethylene oxide–
polypropylene oxide–
polyethylene oxide
Nickel (II) acetate

Ni(OCOCH3)2·4H2O
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tetrahydrate
Hexamethylenetetramine
Titanium (IV)
isopropoxide
Zinc acetate dihydrate
Cobalt(II) nitrate
hexahydrate
Cobalt(II) acetate
tetrahydrate
Tungsten(VI) chloride
Iron(III) nitrate
nonahydrate
Manganese(II) acetate
tetrahydrate
Isopropanol

C6H12N4

99+

Sigma-Aldrich

Ti[OCH(CH3)2]4

97

Sigma-Aldrich

Zn(CH3COO)2·2H2O

98+

Sigma-Aldrich

Co(NO3)2·6H2O

98+

Sigma-Aldrich

(CH3COO)2Co·4H2O

98+

Sigma-Aldrich

WCl6

99.9+

Sigma-Aldrich

Fe(NO3)3·9H2O

98+

Sigma-Aldrich

(CH3COO)2Mn·4H2O

99+

Sigma-Aldrich

(CH3)2CHOH

99.5+

Sigma-Aldrich

5

Sigma-Aldrich

Nafion

Potassium hydroxide

KOH

85+

Sigma-Aldrich

Pt wire

Pt

N/A

China

Hg/HgO

N/A

N/A

China

Carbon black

C

Super P

Timcal Belgium

(CH2CF2)n

N/A

Sigma-Aldrich

99.5+

Sigma-Aldrich

Polyvinylidene difluoride
(PVDF)
N-methyl-2-pyrrolidone
(NMP)
Copper foil

Cu

N/A

Vanlead Tech

CR2032 type coin cells

N/A

N/A

China

Ethylene carbonate (EC)

99+

Sigma-Aldrich

Diethyl carbonate (DEC)

99+

Sigma-Aldrich

99

Sigma-Aldrich

Fluoroethylene carbonate
(FEC)
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Lithium metal

Li

99.9

Sigma-Aldrich

LiPF6

99.99

Sigma-Aldrich

Sodium metal

Na

99.9

Sigma-Aldrich

Sodium perchlorate

NaClO4

98

Sigma-Aldrich

Lithium
hexafluorophosphate

+

3.3. Materials Preparation
The preparation methods used in this work mainly include the hydrothermal method
for the preparation of various transition metal oxides nanostructures and a modified
Hummer’s method for the preparation of graphene oxide (GO).

3.3.1. Hydrothermal Method
The hydrothermal method is a low-cost and environmentally friendly technique to
synthesize materials in a closed and isolated water-based system under high
temperature (100–1000 °C) and high pressure (1 MPa–1 GPa). Figure 3.2 shows the
autoclave that was used, which mainly contains an acid digestion vessel and a
polytetrafluoroethylene (PTFE) cup with a cover. The volume of reaction solution
should be below 2/3 of the volume of the PTFE cup. This hydrothermal synthesis
method exhibits obviously advantages compared with conventional exfoliation
methods in preparing atomically thin nanosheets. On the one hand, the hydrothermal
method produces relatively uniform single-layer nanosheets by controlling the phase
behavior of the surfactant, while the mechanical/liquid exfoliation methods suffer
from low yield of single layers and uncontrollable layer number. On the other hand,
the direct synthesis by this hydrothermal method enables high-yield production,
which is difficult to achieve via exfoliation methods.

Chapter 3: Experimental Procedure

50

Figure 3.2 Photograph (a) and schematic diagram (b) of the autoclave.

3.3.2. Modified Hummers’ Method
The modified Hummers’ method contains three processes:
1) 3 g graphite powder was poured into a mixed solution of 12 ml concentrated
H2SO4, 2.5 g K2S2O8, and 2.5 g P2O5. The mixture was kept at 80 °C for 5 h using a
thermostat water bath cauldron. After that, the mixture was cooled to 25 °C and
diluted with 0.5 L of de-ionized (DI) water and left overnight. Successively, the
mixture was filtered and washed with DI water using a 0.2 μm nylon Millipore filter
to remove the residual acid, and the product was then dried under ambient conditions
overnight.
2) The pre-oxidized graphite powder and 15 g KMnO4 were gradually poured into
cold 120 ml of cold, concentrated H2SO4 under stirring. The mixture was stirred at
35 °C for 2 h, and then diluted with 1000 ml DI water under stirring. Shortly after the
dilution with water, 20 ml of 30% H2O2 was added to the mixture, and the color of
mixture changed to a brilliant yellow, which was accompanied by bubbling. The

Chapter 3: Experimental Procedure

51

mixture was filtered and washed with 1 L HCl aqueous solution (10 wt%) to remove
metal ions. The resultant solid was dried in a vacuum oven at 80 °C to remove the
acid. The dried solid was diluted with DI water to make a GO dispersion (1 wt%).
Finally, it was purified by dialysis for one week to remove the remaining metal
species.
3) Exfoliation was carried out by sonicating 1 mg mL-1 GO dispersion under ambient
conditions for 20 min. The resulting homogeneous yellow-brown dispersion was
tested, found to be stable for several months, and kept for further use.

3.4. Characterization Techniques
3.4.1. Thermogravimetric Analysis (TGA)
TGA is a useful analytic technique to study the effects of increasing temperature on
the physical and chemical properties of materials. It is mainly used to test the
contents of different compositions of materials by measuring the weight loss or gain.
In this thesis work, a TGA instruments 2000 in UOW was utilized to evaluate the
graphene content in the atomic layer-by-layer Co3O4/graphene nanocomposites.

3.4.2. Brunauer-Emmett-Teller (BET) Measurements
The theory of BET was proposed by Stephen Brunauer, Paul Hugh Emmett, and
Edward Teller, and the name was derived from their family names. The BET method
has become an important analysis technique to explain the physical adsorption of gas
molecules on a solid surface. It is conducted at liquid nitrogen temperature (77 K)
under different pressures. The powder mass is normally in the range of 50-1000 mg.
There are two important pieces of information that can be obtained from the BET
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measurements. One is the specific surface area, which is calculated using
experimental points at a relative pressure of P/P0 = 0.05-0.25. The other one is the
pore size distribution, which is calculated by the Barrett-Joyner-Halenda (BJH)
method, using the amount of nitrogen adsorbed at a relative pressure of P/P0 = 0.99.
In this thesis work, BET techniques (Micromeritics TriStar II 3020; NOVA1000,
Quantachrome Co., FL, USA) were applied to measure the surface area and pore size
distribution of various atomically thin transition metal oxides.

3.4.3. Atomic Force Microscopy (AFM)
AFM is a very high resolution type of scanning probe microscopy, with
demonstrated resolution on the order of fractions of a nanometer. The information is
gathered by touching the surface with a sharp tip. It has three major abilities: force
measurement, imaging, and manipulation. Herein, in this work, an atomic force
microscope (MPF-3D, Asylum Research, Santa Barbara, USA) was utilized to
generate topographic images and evaluate the thickness of the atomically thin
transition metal oxide nanosheets.

3.4.4. X-ray Powder Diffraction (XRD)
XRD is a basic and rapid analytical technique primarily used to identify the phases
and crystal structures of a sample. The analyzed sample should be finely ground and
homogenized before testing. The fundamental principle of XRD is illustrated in
Figure 3.3.
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Figure 3.3 Fundamental principles of XRD.
Crystalline substances act as three-dimensional diffraction gratings for X-ray
wavelengths which are comparable to the spacings of planes in a crystal lattice. The
patterns of the scattered X-ray waves have a characteristic relationship with the given
crystal materials, which can be determined by Bragg's law: 2dsinθ = nλ, where d is
the distance between lattice planes, θ is the angle of incidence with the lattice plane,
n is any integer, and λ is the X-ray wavelength of the incident beam. In this doctoral
work, the crystal structures of the atomically thin transition metal oxides were
determined by a XRD diffractometer (MMA, GBC Scientific Equipment LLC,
Hampshire, IL, USA) in UOW.

3.4.5. Raman Spectroscopy
Raman spectroscopy is a widely used spectroscopic technique used to observe lowfrequency modes such as vibrational and rotational modes in a system. The laser
light interacts with molecular vibrations, phonons, or other excitations, resulting in
the energy of laser photons being shifted up or down. The shift in energy gives
information on the vibrational modes in the system, and also, the vibrational
information is specific to the chemical bonds and symmetry of molecules. Therefore,
the molecules can be identified easily by Raman spectroscopy. In this work, Raman
spectra of various atomically thin transition metal oxides were collected using a
Raman spectrometer (Lab RAM HR, Horiba Jobin Yvon SAS) in UOW.
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3.4.6. X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique that measures the
elemental composition, quantity, chemical state, and binding energies and densities
of the electronic states of a material in its as-received state or after some treatments.
XPS spectra are recorded by irradiating a sample with X-rays while simultaneously
measuring the kinetic energy and number of electrons with an escape depth of less
than 10 nm ejected from analyzed sample. In this work, XPS was conducted using a
PHOIBOS 100 Analyser from SPECS, which is installed in a high-vacuum chamber
with base pressure < 10-8 mbar. X-ray excitation was provided by Al Kα radiation
with photon energy hv = 1486.6 eV at 12 kV and 120 W. The XPS binding energy
spectra were collected at the pass energy of 20 eV in the fixed analyser transmission
mode. All the XPS data was analyzed using the commercial CasaXPS 2.3.15
software package. Before analysis, the spectra were calibrated by C 1s = 284.6 eV.

3.4.7. Scanning Electron Microscopy (SEM)
The SEM is a type of electron microscope that uses a high-energy electron beam to
scan and produce images of a sample. The electrons interact with the sample atoms,
producing signals that include information about the sample’s surface topography
and composition. The beam generally scans in a raster scan pattern, and the beam's
position is combined with the detected signal to produce an image. In this work, the
morphology of various atomically thin transition metal oxides were detected by a
field emission scanning electron microscope (JSM-7500FA, JEOL, Tokyo, Japan) in
UOW.
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3.4.8. Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscpy (STEM)
TEM is a microscopy technique in which an electron beam is transmitted through a
sufficiently thin specimen, so that it interacts with the atoms of the specimen while
passing through, which consequently leads to the formation of an image. TEM can be
used to observe the morphology, crystal structure, and electronic structure of a
specimen. Selected area electron diffraction (SAED) is a crystallographic
experimental technique that can be performed inside the TEM. As a diffraction
technique, SAED can be used to identify crystal structures and examine crystal
defects. STEM is one type of TEM. It is distinguished from conventional TEMs in
that the electron beam is focused to a narrow spot which scans over the sample in a
raster pattern. The rastering of the beam across the sample enables various analysis
techniques

such

as

mapping

by

energy

dispersive

X-ray

spectroscopy (EDS), electron energy loss spectroscopy (EELS), and annular darkfield imaging (ADF). These signals can be obtained simultaneously, allowing direct
correlation of the image and quantitative data. In this doctoral work, the TEM
observations of the samples were carried out using a JEM-2011F (JEOL, Tokyo,
Japan) and a probe-corrected JEOL ARM200F (equipped with a cold field emission
gun, a high resolution pole-piece, and a Centurio EDS detector) at 200 kV in UOW.

3.5. Electrochemical Measurements
3.5.1. Electrode Preparation for OER Catalysis
1.0 mg of catalyst was dispersed in 1.0 ml of chitosan-saturated aqueous solution
through an ultrasonic treatment. 120 μl of the suspension was pipetted onto a
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polished glassy carbon electrode (circular, 2 mm in diameter) and dried to form a
catalyst/chitosan composite film on the electrode. Current density was calculated
based on the geometric area of the electrode.

3.5.2. Electrode Preparation for LIBs/SIBs and Half-Cell Assembly
Electrodes were prepared by blending the active materials, acetylene black carbon,
and polyvinylidene fluoride in a weight ratio of 8:1:1, respectively. N-methyl-2pyrrolidone was added during the grinding process. The obtained slurry was then
brushed and coated on Cu foil, and dried at 120 °C for 12 h under vacuum. After that,
the anode materials were taken out and pressed at a pressure of 2 MPa. The mass
loadings of active materials were about 0.4 mg cm−2. Finally, CR2032 coin-type cells
(Figure 3.4) were assembled under Ar atmosphere using the electrode as the working
electrode and porous polypropylene film as the separator. For LIBs, Li foil was used
as the counter and reference electrode, and 1 M LiPF6 in a mixture of ethylene
carbonate (57.5 wt%) and diethyl carbonate (42.5 wt%) was chosen as the electrolyte.
For SIBs, Na foil was used as the counter and reference electrode, and 1 M NaClO4
in a mixture of ethylene carbonate (EC, 54.6 wt%), diethyl carbonate (DEC, 40.4
wt%), and fluoroethylene carbonate (FEC, 5 wt%) was chosen as the electrolyte.
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Figure 3.4 Schematic illustration of half-cell assembly.

3.5.3. Cyclic Voltammetry (CV)
CV is a commonly used technique to study the redox reactions in a catalysis or
battery system, through which the following can be determined: the intermediates
participating in the redox reaction, the stability of the reaction products, the electron
stoichiometry, the electron transfer kinetics, and the reversibility of a reaction. CV
curves usually display a hysteresis in the absolute potential between the anodic and
cathodic peaks due to the polarization that is caused by a slow diffusion rate and the
intrinsic activation barrier obstructing the electron transfer between the electrodes. In
a typical CV measurement, the potential of the cell is scanned at a specified rate with
the response current collected. Herein in this work, the CV data were recorded on a
Biologic VPM3 electrochemical workstation in UOW.

3.5.4. Linear Sweep Voltammetry (LSV)
LSV is a commonly used method to detect catalytic activity towards the OER, which
is performed on a rotating ring-disk electrode (RRDE). LSV is a voltammetric
method where the potential between the working electrode and a reference electrode
is swept linearly in time, and the current at the working electrode is recorded
simultaneously. Oxidation or reduction of the species is registered as a peak at the
potential where the species begins to be oxidized or reduced.

3.5.5. Galvanostatic Charge-Discharge
Galvanostatic charge-discharge measurements are conducted in constant current
density mode to test the capacity and cycling performance of the material in a certain
voltage window. This testing technique can also be used to estimate the rate
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capability of the electrodes by using a variety of current densities. The charge or
discharge capacity equals the total electron charge in the corresponding process and
can be calculated from the applied current and the total time. In this doctoral work,
galvanostatic charge-discharge measurements were carried out using an automatic
battery tester system (Land®, Wuhan, China).

3.5.6. Electrochemical Impedance Spectroscopy (EIS)
EIS is an important experimental measurement technique used to test the inner
resistance of a catalysis or battery system, which includes the charge transfer
resistance, double layer capacitance, and ohmic resistance. Normally, the impedance
spectrum consists of a semicircle and a linear tail at high frequency and low
frequency, respectively. The semicircle is attributed to the charge transfer resistance,
reflecting the kinetic processes and the double layer capacitance. The linear tail
relates to the diffusion of ions into the electrode materials from the electrolyte.
Moreover, EIS can measure the ion diffusion and apparent energy activation of the
electrode. In this doctoral thesis, EIS data were recorded on a Biologic VPM3
electrochemical workstation in UOW.
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Chapter 4
4. Generalized Self-Assembly of Scalable
Two-Dimensional Transition Metal Oxide
Nanosheets
4.1. Introduction
Ultrathin 2D nanostructures are highly desirable for obtaining superior catalytic,
photovoltaic, and electrochemical performances, due to their large surface-to-volume
ratio and confined thickness on the atomic scale.[1-8] For example, the 2D carbonnetwork-graphene features extremely high carrier mobility, mechanical flexibility,
optical transparency, and chemical stability, which provide a great opportunity for
developing new electronic materials, novel sensors and metrology facilities, and
superior energy conversion and storage devices.[4-6] Although transition metal oxides
have been widely studied as functional materials so far, they are mainly obtained in
the form of 0D (nanodots and fine nanoparticles), 1D (nanowires and nanotubes),
and 3D mesoporous structures and nanoclusters.[9-12] In contrast, 2D nanomaterials,
especially those with confined thickness, have remained conspicuously absent until
the recent emergence of delamination of layered compounds into single layers,
referred to as “exfoliation” or “top-down” synthesis.[3,7-8,13-18] Only a few 2D metal
oxides that have suitably layered host crystals, unfortunately, in which twodimensional platelets are weakly stacked to form three-dimensional bulk materials,
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can be obtained via the exfoliation method.[3,15-18] Moreover, the preparation of
homogeneous 2D nanosheets on a large scale by exfoliation is also a big challenge.
Thus, a generalized “bottom-up” strategy for controlled synthesis of metal oxides in
2D nanostructures from precise molecular self-assembly is extremely desirable to
meet the growing demand for such 2D metal oxides in various applications related to
sensing, catalysis, energy storage, and electronic devices. Moreover, the “bottom-up”
wet chemistry synthesis of 2D metal oxide nanosheets can meet the demand for
homogeneous production on a large scale for practical applications. Thus, a novel
synthesis strategy that has flexible capabilities for 2D nanostructure fabrication
would be a great breakthrough in nanotechnology, allowing the researchers to take
advantage of the high specific surface area, confined atomic level thickness, and
salient surface chemical states, as well as possible unique mechanical, thermal,
electronic, and optical properties of the 2D nanostructured metal oxides.

4.2. Experimental Section
4.2.1. Materials
The chemical reagents used for the synthesis of 2D metal oxide nanosheets were
commercially available reagents. TTIP, Zn(Ac)2·2H2O, Co(Ac)2·4H2O, WCl6,
Fe(NO3)3·9H2O, Cu(Ac)2·H2O, HMTA, HCl, EG, EtOH and Pluronic P123 were
purchased from Sigma-Aldrich. All the chemicals were used as received without
further purification.
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4.2.2. Synthesis of Ultrathin 2D TiO2 Nanosheets
1.05 g TTIP was added into 0.74 g concentrated HCl solution during vigorous
stirring (bottle A); and 0.2 g Pluronic P123 was dissolved in 3.0 g EtOH (bottle B).
After stirring for 15 min, the solution in bottle B was added into bottle A and stirred
for another 30 min. Then 2.5 ml TTIP solution with 20 mL EG was transferred into a
45 mL autoclave and heated at 150 oC for 20 h. The products of the hydrothermal
reaction were washed with ethanol 3 times, and the white powders were collected
after washing/centrifugation and drying at 80 oC for 24 h.

4.2.3. Synthesis of Ultrathin 2D ZnO Nanosheets
0.2 g Pluronic P123 was added into 3 g EtOH with 0.45 g H2O to form a clear
solution with stirring for 15 min, and then 0.1 g ZnAc2·2H2O and 0.045 g HMTA
were added into the ethanol solution. After stirring for around 15 min, a clear
solution was obtained. Then, 46 ml EG was put into the ethanol solution. After
stirring for 30 min, a transparent solution was obtained. The obtained EtOH + EG
precursor solution was statically aged for 7 days. After aging, the transparent
precursor solution was divided into two parts, transferred into two 45 ml autoclaves,
and heated at 110 oC for 15 h. The products of the solvothermal reaction were
washed with distilled water and ethanol 3 times, and the light yellow powders were
collected after washing/centrifugation and drying at 80 oC for 24 h.

4.2.4. Synthesis of Ultrathin 2D Co3O4 Nanosheets
0.2 g Pluronic P123 was added into 13 g EtOH with 1 g H2O to form a clear solution
with stirring for 15 min, and then 0.125 g Co(Ac)2·4H2O and 0.07 g HMTA were
added into the ethanol solution. After stirring for around 15 min, a purple solution
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was obtained. Then, 13 ml EG was put into the ethanol solution. After stirring for 30
min, a transparent solution was obtained. The obtained EtOH + EG precursor
solution was statically aged for 1 day. After aging, the transparent precursor solution
was transferred into a 45 ml autoclave, and heated at 170 oC for 2 h. The products of
the solvothermal reaction were washed with distilled water and ethanol 3 times, and
the brown powders were collected after washing/centrifugation and dehydration at
150-400 oC for 2 h.

4.2.5. Synthesis of Ultrathin 2D WO3 Nanosheets
0.2 g Pluronic P123 was added into 13 g EtOH with 0.45 g H2O to form a clear
solution with stirring for 15 min, and then 0.4 g WCl6 was added into the ethanol
solution. After stirring for around 15 min, a yellow solution was obtained. Then, the
precursor solution was transferred into a 45 ml autoclave, and heated at 110 oC for 2
h. The products of the solvothermal reaction were washed with ethanol 3 times, and
the white-blue powders were collected after washing/centrifugation and drying at
120 oC for 24 h.

4.2.6. Synthesis of 2D Ultrathin Fe2O3 Nanosheets
0.2 g Pluronic P123 was added into 3 g EtOH to form a clear solution with stirring
for 15 min, and then 0.2 g Fe(NO3)3·9H2O and 0.07 g HMTA were added into the
ethanol solution. After stirring for around 15 min, a clear solution was obtained.
Then, 13 ml EG was put into the ethanol solution. After stirring for 30 min, a
transparent solution was obtained. The obtained EtOH + EG precursor solution was
statically aged for 2 days. After aging, the transparent precursor solution was
transferred into a 45 ml autoclave and heated at 150 oC for 15 h. The products of the
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solvothermal reaction were washed with distilled water and ethanol 3 times, and the
black powders were collected after washing/centrifugation and drying at 150-400 oC
for 2-10 h. Some powders were redispersed in ethanol by ultrasonication for further
characterization.

4.2.7. Synthesis of 2D Ultrathin MnO2 Nanosheets
0.2 g Pluronic P123 was added into 3 g EtOH with 1 g H2O to form a clear solution
with stirring for 15 min, and then 0.12 g Mn(Ac)2·2H2O was added into the ethanol
solution. After stirring for around 15 min, a clear solution was obtained. Then, 13 ml
EG was put into the ethanol solution. After stirring for 30 min, a transparent solution
was obtained. The obtained EtOH + EG precursor solution was statically aged for 03 days. After aging, the transparent precursor solution was transferred into a 45 ml
autoclave and heated at 170 oC for 5 h. The products of the solvothermal reaction
were washed with distilled water and ethanol 3 times, and the black powders were
collected after washing/centrifugation and drying at 150–400 oC for 2–10 h. Some
powders were redispersed in ethanol by ultrasonication for further characterization.

4.2.8. Characterization
The composition and phase of the as-prepared products were evaluated using a
powder XRD (MMA, GBC Scientific Equipment LLC, Hampshire, IL, USA) with
Cu Kα radiation. The chemical states of the nanostructures were determined by XPS
(PHOIBOS 100 Analyser from SPECS; Al Kα X-rays, Berlin, Germany). The
morphology of the samples was observed with a SEM (JSM-7500FA, JEOL, Tokyo,
Japan). HRTEM observation was carried out using a JEM-2011F (JEOL, Tokyo,
Japan) operated at 200 kV. The thickness of the 2D ultrathin nanosheets was
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determined by AFM (MPF-3D, Asylum Research, Santa Barbara, USA). For AFM
observation, a nanosheet specimen was prepared by quickly dipping single-crystal
silicon substrate with a 100 nm thick amorphous SiO2 top layer into diluted acetonedispersed 2D metal oxide nanosheet solution. Surface area was measured by a
surface area analyzer (NOVA1000, Quantachrome Co., FL, USA) at 77 K. Before
the measurement, the sample was heated at 120 oC for 5 h.

4.2.9. Photocurrent Performance Tests
Single-layer graphene on 188 μm thick polyethylene terephthalate (PET) substrate
was prepared by transferring CVD graphene on Cu foil to PET based a roll-to-roll
production method described elsewhere.[19-21] Briefly, coarse-grain copper foil was
heated to 1000 oC, and then a flowing gas mixture of CH4 and H2 was introduced at
460 mtorr and 8 sccm for 30 min, followed by rapid cooling to room temperature
under flowing H2. The graphene grown on copper foil was attached to a 188 μm thick
PET supporting film and passed through two heated rollers for soft pressing. After
removing the copper substrate by electrochemical reaction with aqueous 0.1 M
ammonium persulphate solution (NH4)2S2O8, the single-layer graphene was
transferred onto the PET supporting film. Transparent, flexible photoelectrode was
prepared by spin-coating techniques. A well-dispersed, 0.1 mg ml-1 2D transition
metal oxide nanosheet ethanol solution was dropped onto sliced, single-layer,
graphene-PET substrate and spin-coated at 2000 rpm for 30 s. To reach the target
thickness, 2–5 repetitions of the coating process were needed. The coated
photoelectrodes were then aged in covered petri dishes at room temperature for 24 h.
After aging, the photoelectrodes were dried at 80 oC for 12 h. A photosensitive
detector was fabricated by attaching the photoelectrode made from 2D metal oxide
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nanosheets with another uncoated flexible single-layer graphene-PET counter
electrode. The photocurrent was examined by a Keithley 2400 source meter under a
325 nm ultraviolet (UV) light source (67 mW cm-2) or an alternating on and off UV
source (67 mW cm-2) with an interval of 10 s.

4.2.10.

Density Functional Theory (DFT) Calculations

The first-principles calculations were carried out within the framework of spinpolarized plane-wave DFT, implemented in the Quantum-Espresso package.[22] The
Perdew-Burke-Ernzerhof (PBE) variant of the generalized gradient approximation
(GGA) was used for the exchange-correlation potential.[23] The valence-ion
interaction was described by ultrasoft pseudopotentials.[24] A plane-wave cutoff
energy of 40 Ry was adopted for the plane-wave expansion of the wave function to
converge the relevant quantities. For Brillouin-zone integrations, a Monkhorst-Pack
mesh[25] of 5 × 5 × 1 k-points was used for structural optimization, while a denser
mesh of 15 × 15 × 1 was used for electronic structure analysis. In our calculations,
TiO2, ZnO, Co3O4 and WO3 nanosheets have been described respectively by twolayer TiO2 sheets parallel to (010), two-layer ZnO sheets parallel to (001), two-layer
Co3O4 sheets parallel to (001), and two-layer WO3 sheets parallel to (100). A large
spacing of 15 Å between 2D nanosheets was selected to prevent interlayer
interactions. All atomic positions and lattice constants were optimized by using the
Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS).[26] The convergence for the
residual forces is less than 10-3 Ry per Bohr (2.6 × 10-2 eV Å-1) upon ionic relaxation.
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4.3. Results and Discussion
4.3.1. Synthesis of 2D Nanosheets
Herein, a generalized synthesis strategy was propsed for surfactant self-assembly or
“bottom-up” growth of various ultrathin 2D transition metal oxide nanostructures
from molecular precursors, in which amphiphilic block copolymers and short-chain
alcohol cosurfactants are intelligently employed as structure-directing agents to
confine the stacking and growth of the metal oxide along the chosen direction.
Surfactant self-assembly has been successfully employed in the synthesis of 0D, 1D,
and 3D metal oxide nanostructures or mesoporous structures, however, the synthesis
of 2D metal oxides still lacks systematic studies.[27-31] The concept for surfactant selfassembly of ultrathin 2D metal oxide nanosheets, as shown in Figure 4.1, is to form
inverse lamellar micelles of Pluronic P123 surfactant together with EG co-surfactant
in ethanol solvent. The hydrated inorganic oligomers are then confined inside the
inverse lamellar micelles, leading to the formation of layered inorganic oligomer
agglomerates. In this step, the water content that is used to form the hydrated
precursor oligomers is controlled in the phase area to form inverse lamellar micelles
based on the phase behaviour of the surfactant-water-oil equilibrium system (Figure
4.2).[32,33] It has been reported that EG can work in the role of both “co-surfactant”
and “co-solvent” in the surfactant-water system.[34] Here, the addition of EG is very
crucial in the formation of ultrathin 2D metal oxide nanosheets, as it can lead to a
more stable lamellar phase compared to the binary surfactant-water system.[33,34]
Hydrothermal or solvothermal treatment is then carried out to improve the
organization and induce complete condensation and crystallization. Finally, well-
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crystallized ultrathin 2D transition metal oxide nanosheets are collected after the
removal of the surfactant templates. Compared to exfoliation synthesis, the biggest
merits are that the self-assembly synthesis of metal oxide nanosheets is not restricted
by the limited numbers of layered host materials, which are only available for a few
metal oxides, and synthesis of homogeneous nanomaterials in large quantities is
possible. Surfactant self-assembly thus can provide a flexible and general way to
synthesize 2D metal oxide nanostructures. This synthesis procedure is successfully
applied to the preparation of 2D nanostructures of some typical transition metal
oxides, such as TiO2, ZnO, Co3O4, WO3, Fe2O3, and MnO2.

Figure 4.1 Schematic drawing of self-assembly of 2D metal oxide nanosheets. The
schematic shows the concept of molecular assembly of ultrathin 2D metal oxide
nanosheets from liquid solutions, where metal oxide precursor oligomers are
strategically and collaboratively self-assembled into lamellar structures with polymer
surfactant molecules, before they are condensed, polymerized, and crystallized into
2D metal oxide nanosheets with atomic thickness.
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Figure 4.2 Schematic phase diagram of surfactant-water-oil systems showing a
variety of self-assembled structures.

4.3.2. Microscopy Characterizations of 2D Nanosheets
SEM and TEM analyses were performed on the synthesized ultrathin 2D metal oxide
nanostructures. The ultrathin 2D nanosheets of TiO2, ZnO, Co3O4, and WO3 are
shown in Figure 4.3. These nanosheets can be clearly distinguished in low
magnification SEM images (Figure 4.3(a, d, g, j)) and low magnification TEM
images (Figure 4.3(b, e, h, k)). They exist in the form of groups of nanosheets. More
detailed electron microscopy characterizations of these ultrathin 2D nanosheets can
also be found in Figures 4.4-4.7. From these microscope images, it can be seen that
the products are all nanosheets with their edges rolled up due to surface tension,
which is similar to the general behaviour of graphene. The sizes of the nanosheets
vary with the chemical composition: around 200 nm for TiO2 and 1-10 μm for ZnO,
Co3O4, and WO3. In addition, the TiO2, ZnO, Co3O4, and WO3 nanosheets present
well-crystallized anatase, wurtzite, cubic, and monoclinic phase, respectively, as
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demonstrated by the HRTEM characterizations (insets in Figure 4.3(c, f, i, l)) and the
corresponding XRD patterns (Figure 4.8). The electron microscope characterizations
of the ultrathin 2D Fe2O3 and MnO2 nanosheets are shown in Figures 4.9 and 4.10,
where the features of the 2D nanosheets are also clearly exhibited. Figure 4.11
presents the corresponding XRD patterns, approving their characteristics of
crystalline. The uniform morphologies of all the obtained ultrathin 2D transition
metal oxide nanosheets demonstrate the general and effective nature of the proposed
synthesis method, and indicate its feasibility to be extended to the synthesis of other
2D nanostructures.
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Figure 4.3 Electron microscope images of 2D transition metal oxide nanosheets.
SEM images (a, d, g, j), low-magnification TEM images (b, e, h, k), and highmagnification TEM images (c, f, i, l) of ultrathin 2D nanosheets of TiO2 (a-c), ZnO
(d-f), Co3O4 (g-i), and WO3 (j-l). The insets in c, f, i, and l are high-resolution TEM
images of the crystal lattice structure of the nanosheets. Scale bars: (a, d, g, j) 200 nm,
(b, e, h) 50 nm, (k) 20 nm, (c, f, i, l) 5 nm, insets in (c, f, i, l) 1 nm.
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Figure 4.4 SEM and TEM images of ultrathin 2D TiO2 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
TiO2 nanosheets; (c) low-magnification TEM image of the 2D TiO2 nanosheets, with
the corresponding SAED pattern of the 2D TiO2 nanosheets in the inset,
demonstrating the presence of the anatase phase, and (d) high resolution TEM image
of 2D TiO2 nanosheets, where the lattice image of the anatase 2D TiO2 nanosheets
features an exposed surface of high-energy {010} facets, based on observation with
the electron beam steered along the [010] direction.
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Figure 4.5 SEM and TEM images of ultrathin 2D ZnO nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
ZnO nanosheets; (c) low-magnification TEM image of the 2D ZnO nanosheets; and
(d) lattice image of the wurtzite 2D ZnO nanosheets with electron beam steered
along the [001] direction, showing the exposed surface of {001} facets.
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Figure 4.6 SEM and TEM images of ultrathin 2D Co3O4 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
Co3O4 nanosheets; (c) low-magnification TEM image of the 2D Co3O4 nanosheets;
and (d) lattice image of the wurtzite 2D Co3O4 nanosheets with the electron beam
steered along the [001] direction, showing the exposed surface of {001} facets.

Figure 4.7 SEM and TEM images of ultrathin 2D WO3 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
WO3 nanosheets; (c) low-magnification TEM image of WO3 nanosheet edge,
showing the curved nature of the ultrathin nanosheets; and (d) lattice image of WO3
with the electron beam steered along the [100] direction, showing that the exposed
surface consists of {100} facets.
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Figure 4.8 XRD patterns for 2D metal oxide nanosheets. (a) Anatase TiO2 plus trace
of rutile TiO2, (b) wurtzite ZnO, (c) cubic Co3O4, and (d) monoclinic WO3.

Figure 4.9 Electron microscope images of 2D Fe2O3 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin γFe2O3 nanosheets; (c) low-magnification TEM image of γ-Fe2O3 nanosheet edge,
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showing the curved nature of the ultrathin nanosheets; and (d) HRTEM lattice image
of Fe2O3 with the electron beam steered along the [11-2] direction, showing that the
exposed surface consists of {11-2} facets.

Figure 4.10 Electron microscope images of 2D MnO2 nanosheets. (a) Lowmagnification SEM image and (b) high-magnification SEM image of 2D ultrathin
MnO2 nanosheets; (c) low-magnification TEM image of MnO2 nanosheet edge,
showing the curved nature of the ultrathin nanosheets; and (d) HRTEM lattice image
of MnO2 with the electron beam steered along the [-131] direction.
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Figure 4.11 XRD patterns for 2D tractional metal oxide nanosheets of (a) γ-Fe2O3
and (b) tetragonal α-MnO2.
The thickness of the synthesized ultrathin 2D metal oxide nanosheets was
determined based on the conventional used methods employing the TEM and AFM
techniques (Figures 4.12 and 4.13).[35-36] For TiO2 nanosheets, as shown in Figure
4.12, it was determined that the monolayer thickness of the self-assembled TiO2
nanosheets is around 0.62 nm by observing the edge-configuration. The ultrathin
TiO2 nanosheets synthesized by the present method have a thickness of around 3.3
nm, which implies that they are stacks consisting of 4-5 monolayers. The thickness
of the ZnO, Co3O4, and WO3 ultrathin 2D nanosheets were also determined by AFM
(Figure 4.13). The thicknesses of these metal oxide nanosheets varied between 1.65.2 nm, corresponding to 2-7 stacking layers of the monolayer (Table 4.1). In general,
all the thicknesses of these 2D nanosheets are thin enough to present quantum
confinement effects (Figure 4.14), demonstrating their potential applications in some
novel electronic devices.
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Figure 4.12 Thickness of 2D TiO2 nanosheets. (a) Edge configuration of 2D TiO2
under the incident electronic beam, as observed by TEM, and (b) the intensity profile
along the line “L” in (a), showing the 5-layer stacking of monolayers and the
thickness of 0.62 nm for one monolayer in the ultrathin TiO2 nanosheets; (c-e) AFM
image (c) and profiles along line “1” (d) and line “2” (e) in (c), demonstrating
thicknesses of the 2D TiO2 nanosheets of 3.3 nm and 2.7 nm, which correspond to 5
layer and 4 layer stacking of TiO2 monolayers.
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Figure 4.13 AFM images of the ultrathin 2D metal oxide nanosheets. (a, b) AFM
image of ZnO nanosheets and the corresponding profile along the line in (a),
indicating a thickness of around 3.35 nm; (c, d) AFM image of Co3O4 nanosheets
and the corresponding profile along the line in (c), indicating a thickness of around
1.65 nm; and (e, f) AFM image of WO3 nanosheets and the corresponding profile
along the line in (e), indicating a thickness of around 2.1-5.2 nm.
Table 4.1 Thickness and corresponding monolayer numbers of the synthesizes
nanosheets
Materials

Monolayer thickness

Thickness in present work

Layer numbers

TiO2

0.62 nm

~3.3 nm

5

ZnO

0.68 nm

~3.4 nm

5

Co3O4

~0.8 nm

~1.6 nm

2

WO3

0.70 nm

2.1-5.2 nm

3-7

Figure 4.14 UV-Vis spectra of ultrathin 2D metal oxide nanosheets. UV-Vis spectra
of the TiO2, ZnO, Co3O4, and WO3 ultrathin 2D nanosheets, which show 0.2-0.6 eV
blue-shift compared to their corresponding bulk materials.
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The roles of the added P123 surfactant, EG, and water in the formation of the
ultrathin 2D nanosheets were investigated by performing the synthesis without one
chemical or by changing the amount to be added. Figure 4.15 presents the
morphologies of the nanostructures of TiO2 (a, c, e, g) and ZnO (b, d, f, h) that were
synthesized from the solutions: (I) without the addition of P123 (Figure 4.15(a, b)),
(II) without the addition of EG (Figure 4.15(c, d)), (III) with the addition of 300 wt%
water (Figure 4.15(e, f)), and (IV) with the addition of 700 wt% water (Figure 4.15(g,
h)). The morphologies of the nanostructures with modified recipes showed huge
deviation from that of the 2D nanosheets. Without P123, even though the 2D
morphology is still present in disguised form, the products are mainly in the form of
large agglomerates, indicating that the P123 might be absorbed on the surface of the
oligomers to resist the contact and growth of 2D nanosheets in the thin dimension.
Without EG, almost no nanosheets can be found, demonstrating the key role of EG in
the formation of inverse micelles as co-surfactant and co-solvent. EG presents
similar behaviour to that of water for non-ionic surfactants in the role of co-solvent.
In addition, EG that behaves as co-surfactant facilitates the separation of lamellar
phase, leading to the formation of more stable lamellar structures.[33,34] In the present
study, therefore, the formation of ultrathin 2D transition metal oxide nanosheets
should be resulted from a synergetic effect of P123 and EG. The synergetic effect of
water-soluble short-chain alcohol and water has been well-studied.[33,34] It is
suggested that utilising the synergetic effect of the alcohol and surfactant should be
effective in constructing desirable aggregate architectures in water-alcohol-surfactant
system

via

adjusting

the

ratios

of

alcohol/surfactant,

alcohol/water,

or

alcohol/alcohol.[33] Obviously, the role of each chemical is very crucial in the
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synthesis of 2D nanosheets. Even a small change in the chemical contents of the
solution could result in a large deviation from the desirable area in the phase diagram.
TiO2

ZnO

b

c

d

e

f

g

h

With 300 wt% H2O

a

Figure 4-15 Roles of the addition of P123, EG, and water in the synthesis of the
ultrathin 2D nanosheets. (a, b) Morphology of the products of TiO2 (a) and ZnO (b)
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synthesized from the solutions without P123, presenting the obtained large
agglomorates; (c, d) morphology of the products of TiO2 (c) and ZnO (d) synthesized
from the solutions without the addtion of EG; (e, f) morphology of the products of
TiO2 (c) and ZnO (d) synthesized from the solutions with the addtion of 300 wt%
water; and (g, h) morphology of the products of TiO2 (c) and ZnO (d) synthesized
from the solutions with the addtion of 700 wt% water. The results show that all of the
added P123, EG, and water are crucial for the formation of ultrathin 2D metal oxide
nanosheets, and the amount of the additions can only be allowed to vary to a very
small extent.

4.3.3. Surface Properties of 2D Nanosheets
Unlike the bulk crystals, the ultrathin metal oxide nanosheets have an extremely high
percentage of surface (nearly 100%). It has been reported that the exposed surfaces
present different chemical states from the inner bulk atoms.[37,38] The surface
chemical states of the ultrathin metal oxide nanosheets were examined by the XPS
technique (Figure 4.16(a-d) and Table 4.2). It is of interest that the core levels of the
metal elements, Ti 2p, Zn 2p, Co 2p, and W 4f, all show a 0.5-2 eV shift to lower
binding energy compared to the corresponding stoichiometric bulk crystals.[37,38] The
lower binding energy for surface atoms has been reported to be the result of electrongain (reduction) of metal atoms from surrounding oxygen atoms, for example, from
the Ti4+ to the Ti3+ state.[38] It is suspected that the chemical state shifting of the
transition metal atoms, or the electron transfer from O atoms to metal atoms,
probably has resulted from the dramatic distortion of the crystal structure that occurs
in the surface-dominated ultrathin metal oxide nanosheets.[36] In order to clarify this,
DFT calculations were employed to analyse the crystal structure distortion and the
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electronic density distributions in the free-standing ultrathin 2D metal oxide
nanosheets and the corresponding bulk inner atoms, respectively (Figure 4.16(e-l)).
To give a quantitative estimation of the electron transfer between the metal and
oxygen atoms, Löwdin atomic population analysis was also calculated for the 2D
nanosheets and bulk materials (Table 4.3). Population analysis is the study of charge
distribution and electron transfer within molecules. The intention is to accurately
model partial charge magnitude and location within a molecule.[39-42] The DFT
calculations reveal that the metal atoms in the ultrathin 2D nanosheets have higher
surrounded electron densities that resulted in “reduction” states compared to the
corresponding bulk materials, accompanying with new bond formation, bond
breaking, or bond distortion between the metal-oxygen atoms the crystal structures,
which coincides well with the XPS chemical state shifts. Therefore, compared to the
corresponding inner atomic planes of the bulk materials, the 2D nanosheets present
significant lattice distortion and extra chemical bond formation, breaking, and
distortion, which accompany the redistribution of electron density and significantly
less electron transfer from metal atoms to O atoms, which, in turn, results in slightly
reduced chemical states of the transition metal atoms in the 2D metal oxide
nanosheets. These results demonstrate the unique chemical states of the surface
atoms in the ultrathin 2D metal oxide nanosheets, which will introduce some
anticipated physical and chemical properties that differ from those associated with
the conventional morphologies.

Chapter 4: Generalized Self-Assembly of Scalable Two-Dimentional Transition
83
Metal Oxide Nanosheets

Figure 4-16 Surface chemical states of 2D transition metal oxide nanosheets. (a-d)
XPS spectra of the ultrathin 2D metal oxide nanosheets: (a) TiO2, (b) ZnO, (c) Co3O4,
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and (d) WO3, where the binding energies show 0.5-2 eV shifting to the low binding
energy range compared to the corresponding bulk material surface states; (e, f)
atomic structures and slices of the total charge density distribution in the (010) plane
of bulk anatase TiO2 (e) and the TiO2 2D monolayer nanosheets (f), showing the
redistribution of electron densities and the extra bonding formed between Ti-Ti in the
2D TiO2 monolayer nanosheets; (g, h) atomic structures and slices of the total charge
density distribution in the (001) plane of bulk wurtzite ZnO (g) and the ZnO 2D
monolayer nanosheets (h), showing the redistribution of electron densities and the
inter-layer bond breaking between Zn-O-Zn in the 2D ZnO monolayer nanosheets; (i,
j) atomic structures and slices of the total charge density distribution in the (010)
plane of bulk Co3O4 (i) and the Co3O4 2D monolayer nanosheets (j), showing the
redistribution of electron densities and the extra bonding formed between Co-Co in
the 2D Co3O4 nanosheets; (k, l) atomic structures and slices of the total charge
density distribution in the (100) plane of bulk monoclinic WO3 (k) and the WO3 2D
nanosheets (k), showing the redistribution of electron densities and the crystal
structure distortion in the WO3 2D nanosheets. The arrows in (e-l) indicate the
structural differences between the ultrathin 2D nanosheets and the corresponding
bulk inner atoms: new bond formation between Ti-Ti (e, f), bond breaking between
Zn-O (g, h), new bond formation between Co-Co (i, j), and bond distortion between
W-O (k, l).
Table 4.2 Core levels of Ti 2p, Zn 2p, Co 2p, and W 4f for ultrathin 2D TiO2, ZnO,
Co3O4, and WO3 nanosheets measured by XPS, and the binding energy differences
between the standard reference and the measured values.
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Binding
Chemical states

energy
(eV)

Ti 2p

FWHM

References

(eV)

(eV)

Binding energy
difference (Ref Measured) (eV)

Anatase

Rutile

Ti3+

Ti 2p1/2

463.19

2.52

465.3

465.3

/

2.11

Ti 2p3/2

457.51

1.93

459.4

459.3

457.5

1.79

Zn 2p1/2

1043.86

2.47

1045.0

1.14

Zn 2p3/2

1020.76

2.48

1022.0

1.24

Co 2p

Co 2p3/2

779.49

2.84

780.3

0.81

W 4f

W 4f5/5

36.87

1.28

37.4

0.53

W 4f7/2

34.77

1.72

35.7

0.93

Zn 2p

Table 4.3 Electron charge distribution of the 2D transition metal oxide nanosheets
and the corresponding bulk materials as quantified by Löwdin atomic populations.
Partial charge (e)

Total

Total charge

charge (e)

transfer (e)

s

p

d

Ti

10.3881

1.6119

2.3988

5.9904

1.9988

O

6.7640

-0.7640

1.8036

4.9604

/

2D TiO2

Ti

10.4640

1.5360

2.3644

5.9844

2.1132

nanosheets

O

6.7222

-0.7222

1.8210

4.9012

/

Zn

10.5350

1.4650

0.5987

0.0000

9.9362

O

7.2161

-1.2161

1.9076

5.3086

/

2D ZnO

Zn

10.5836

1.4164

0.6137

0.0000

9.9699

nanosheets

O

7.2425

-1.2425

1.8729

5.3696

/

Bulk

Co

7.9562

1.0438

0.4348

0.0000

7.5214

Co3O4

O

6.6997

-0.6997

1.8067

4.8930

/

2D Co3O4

Co

7.9933

1.0067

0.4566

0.0000

7.5366

nanosheets

O

6.7155

-0.7155

1.8022

4.9134

/

W

12.9011

1.0989

2.3614

6.7901

3.7497

O

6.3826

-0.3826

1.6166

4.7659

/

2D WO3

W

12.9404

1.0596

2.3689

6.7842

3.7872

nanosheets

O

6.3130

-0.3130

1.5950

4.7180

/

Materials

Bulk TiO2

Bulk ZnO

Bulk WO3

Atoms

It is interesting that ultrathin 2D TiO2 nanosheets present unusual exposed
facets. Lattice images of the anastase ultrathin TiO2 2D nanosheets can be seen in
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Figure 4.4d. By combining the SAED patterns with the HRTEM images (Figure
4.4c), it is easy to determine that the exposed surfaces of the anatase TiO2 nanosheets
are high energy {010} facets. It has been demonstrated that exposed high-energy
surfaces are crucial for improving the chemical activity of TiO2.[42,43] Although the
surface energy of anatase {010} (0.53 J m-2) was calculated to be between those of
{001} (0.90 J m-2) and {101} (0.44 J m-2), no {010} appears in the equilibrium shape
of anatase crystals or nanostructures.[43] The presence of the high percentage of
exposed high energy anatase {010} surfaces in the ultrathin 2D TiO2 nanosheets
would endow them with high chemical activity.[43] For the exposed surfaces of ZnO,
Co3O4, and WO3, however, no such high energy exposed surfaces were observed.
It is certain that the special shapes and electronic structures will induce some
salient properties in the ultrathin 2D nanosheets. One of the most obvious features is
the high specific surface area (Figure 4.17). An enhancement of the specific surface
area by 3-10 times compared to nanoparticles prepared via the conventional synthesis
strategies is achieved. The ultrathin TiO2 nanosheets exhibit an ultra-high specific
surface area of 298 m2 g-1, which is almost 6-fold higher than that of the commercial
P25 TiO2 nanoparticles (~50 m2 g-1). Besides the high surface area of 2D TiO2
nanosheets, the specific surface area of the ZnO 2D nanosheets is up to 265 m2 g-1,
the Co3O4 2D nanosheets of 246 m2 g-1, and the WO3 2D nanosheets of 157 m2 g-1. It
is known that the higher the specific surface area is, the larger the amount of active
reaction sites on the surface. The high specific surface areas of the 2D metal oxide
nanosheets would guarantee their high chemical reaction activity.

Chapter 4: Generalized Self-Assembly of Scalable Two-Dimentional Transition
87
Metal Oxide Nanosheets

Figure 4-17 Specific surface areas of 2D metal oxide nanosheets. Specific surface
areas of the 2D metal oxide nanosheets (individual symbols with error bars) together
with the reported specific surface areas (individual bars with numbers) of the
conventional metal oxide nanoparticles.
Another feature is the shifting in the band structure aroused by the
confinement, which is due to the atomic scale thickness of the nanosheets. All the
UV-Vis adsorption spectra of the TiO2, ZnO, Co3O4, and WO3 nanosheets (Figure
4.14) show an obvious “blue-shift” compared to the bulk materials, demonstrating
their significant quantum confinement effect in the thinnest dimension. It is a general
understanding that a smaller size of transitional metal oxide nanoparticles raises the
conduction band and lowers the valence band, and results in the observation of a
blue-shift in the absorption edge, or so-called quantum size effect. Based on the
study of Saton et al.,[44] however, the significant quantum size effect can only be
observed for the nanoparticles with diameters less than 2 nm, in the case of TiO2.
The commonly used transitional metal oxide nanoparticles usually have diameters
much larger than 2 nm. For example, one of the typical TiO2 nanoparticles, P25, has
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an average diameter of 20 nm. In the present work, the thicknesses of the ultrathin
2D nanosheets were in the range of 1.5–5.2 nm in the form of stacks and below 1 nm
for monolayers, which are in the range for the size with significant quantum size
effect. Thus, these ultrathin 2D nanosheets would have much more significant
quantum-size effect than those of the normally used nanoparticles. Owing to the high
surface area, chemically active exposed surface, and confined thickness, it is
expected that these unique ultrathin 2D nanosheets would be attractive in a variety of
applications, from nanostructured electronic or photonic devices to energy generation
and storage systems.

4.3.4. Performance of Transparent and Flexible UV Photodetectors
In order to explore the applicability of 2D nanostructures, I examined the
performance of transparent, flexible UV photodetectors by depositing the ultrathin
2D metal oxide nanosheets on a single-layer graphene back electrode (Figure 4.18).
Visible-light-blind ultraviolet (UV-A band at 320–400 nm) photodetectors have
attracted intensive interest for their widely applications in healthcare, climate control,
agriculture, astronomy, and aeronautics.[45] The ultrathin 2D metal oxide nanosheets
prepared in the present work feature widened bandgaps, which allow the
transmission of visible light but high responses to UV light, and are the most
promising candidates for high-performance UV photodetectors.
Figure 4.18 shows the preparation of the single-layer graphene back electrode
for the photodetector, deposition of ultrathin 2D transition metal oxide nanosheets on
the single-layer graphene, and the performance of the transparent, flexible UV
photodetector. As schematically illustrated in Figure 4.18(a), the single-layer
graphene on the 188-μm thick PET substrate was prepared by transferring the CVD
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graphene on Cu foil to PET via a roll-to-roll production method described
elsewhere.[19-21] The Raman spectrum clearly proves that the obtained graphene is
single-layer (Figure 4.18(b)), based on the method to determine the number of layers
of graphene from the 2D-band, as the intensity ratio of the 2D-band to the G-band is
~2.65.[46] Then, well-dispersed diluted ultrathin 2D metal oxide nanosheets in ethanol
suspensions were spin-coated onto the graphene substrate to form a transparent and
flexible photoelectrode (Figure 4.18(c-d)). To ensure significant signal intensities in
the photoelectrode, the thickness of the deposited 2D metal oxide nanosheet layer
was kept at around 50 nm. After assembly with a graphene-PET counterelectrode,
the transparent, flexible UV photodetectors were tested under 325 nm UV light (67
mW cm-2) or an alternating on and off UV source with an interval of 10 s. Figure
4.18(e) presents the I-V characteristics of the transparent, flexible UV photodetectors.
The photocurrent densities of the photodetectors made from the 2D transition metal
oxide nanosheets reach the order of mA cm-2. Except for the WO3 photodetector,
which presents an obvious p-type Schottky barrier contact, the others show ideal
linear I-V responses under the UV irradiation and good ohmic behaviours. The linear
I-V response, or the ohmic behaviour, is very desirable because it enhances the
photosensitive properties of the devices. The I-V characteristics demonstrate that the
TiO2, ZnO, and Co3O4 2D ultrathin nanosheets are promising candidates due to their
ohmic behaviour and the large output signal. Figure 4.18(f) shows the
photoresponses of the UV photodetectors under the alternating on and off UV light
with an interval of 10 s and a bias of 0.5 V. All of the time responses of the devices
are highly stable and reproducible. No degradation was found in tens of on-off
switching cycles, confirming the excellent stability and fast response speed of the
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device. It is interesting that the WO3 photoelectrodes presented increasing
photocurrents with prolonged irradiation time, due to its photochromic effect under
UV irradiation.[47] These findings show the promising potential of these ultrathin 2D
metal oxide nanostructures for practical applications such as photoelectric or
photochemical devices.
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Figure 4-18 Fabrication and performance of transparent and flexible 2D nanosheet
photodetector. (a) Schematic diagram of the fabrication of the photodetector
electrode, consisting of one single layer graphene sheet on PET substrate and a thin
layer of spin-coated 2D metal oxide nanosheets; (b) Raman spectrum of the asprepared graphene on PET film, demonstrating the single layer feature, where the 2D
band is much more intense and sharper compared to the 2D band in multi-layer
graphene, and with an intensity ratio of 2D/G peaks of around 2.65; (c) the fabricated
2D nanosheet layers on the graphene-PET photodetector electrode shows its high
transparency, and (d) flexibility, with the inset containing an SEM corss-section
image of the photoelectrode in (d) showing that the thickness of the deposited 2D
metal oxide nanosheets on the single-layer graphene-PET substrate was around 50
nm; (e) I-V characteristics of the transparent, flexible photodetector devices
constructed from the 2D nanosheets of TiO2, ZnO, Co3O4, and WO3, respectively,
under 325 nm ultraviolet light (67 mW cm-2) irradiation, with the inset presenting the
I-V characteristic of the dark photocurrent of the ZnO 2D nanosheet photoanode; and
(f) the photoresponse behaviour of the transparent, flexible photodetectors under
alternating on and off 325 nm ultraviolet light (67 mW cm-2), with an interval of 10 s
and a bias of 0.5 V.

4.4. Discussion
In this work, a generalized “bottom-up” synthetic method is proposed for
synthesizing ultrathin 2D transition metal oxide nanosheets, which are of great
interest for making various functional nanostructures with high surface area, high
chemical activity, and a quantum confinement effect. Such unique ultrathin 2D
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nanostructures could be the fundamental basis for emerging applications in not only
energy generation/storage systems, but also electronic devices and sensors. Moreover,
this kind of nanostructure may also provide unique mechanical, thermal, and anticorrosive properties that would be useful in transparent protective coatings, barrier
films, and reinforcement materials.

4.5. References
[1] J. Tao, T. Luttrell, M. Batzill, Nat. Chem. 2011, 3, 296.
[2] K. Takada, H. Sakurai, E. Takayama-Muromachi, F. Izumi, R. A. Dilanian, T.
Sasaki, Nature 2003, 422, 53.
[3] M. Osada, T. Sasaki, Adv. Mater. 2012, 24, 210.
[4] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666.
[5] A. K. Geim, K. S. Novoselov, Nat. Mater. 2007, 6, 183.
[6] K. S. Novoselov, V. I. Fal’ko, L. Colombo, P. R. Gellert, M. G. Schwab, K. Kim,
Nature 2012, 490, 192.
[7] Q. H. Wang, K. Kalantar-Zedeh, A. Kis, J. N. Coleman, M. S. Strano, Nat.
Nanotech. 2012, 7, 699.
[8] K. Koski, Y. Cui, ACS Nano 2013, 7, 3739.
[9] J. N. Tiwari, R. N. Tiwari, K. S. Kim, Prog. Mater. Sci. 2012, 57, 724.
[10]Z. Dai, Z. W. Pan, Z. L. Wang, Adv. Funct. Mater. 2003, 13, 9.
[11]Z. Sun, J. H. Kim, Y. Zhao, F. Bijarbooneh, V. Malgras, Y. Lee, Y.-M. Kang, S.
X. Dou, J. Am. Chem. Soc. 2011, 133, 19314.
[12]Z. Sun, T. Liao, K. Liu, L. Jiang, J. H. Kim, S. X. Dou, Nano Res. 2013, 6, 726.

Chapter 4: Generalized Self-Assembly of Scalable Two-Dimentional Transition
93
Metal Oxide Nanosheets
[101] J. N. Coleman, M. Lotya, A. O’Neill, S. D. Bergin, P. J. King, U. Khan, K.
Young, A. Gaucher, S. De, R. J. Smith, I. V. Shvets, S. K. Arora, G. Stanton, H.Y. Kim, K. Lee, G. T. Kim, G. S. Duesberg, T. Hallam, J. J. Boland, J. J. Wang,
J. F. Donegan, J. C. Grunlan, G. Moriarty, A. Shmeliov, R. J. Nicholls, J. M.
Perkins, E. M. Grieveson, K. Theuwissen, D. W. McComb, P. D. Nellist, V.
Nicolosi, Science 2011, 331, 568.
[13]H. Okamoto, Y. Sugiyama, H. Nakano, Chem. Eur. J. 2011, 17, 9684.
[14]T. Sasaki, M. Watanabe, H. Hashizume, H. Yamada, H. Nakazawa, J. Am. Chem.
Soc. 1996, 118, 8329.
[15]R. Ma, T. Sasaki, Adv. Mater. 2010, 22, 5082.
[16]R. E. Schaak, T. E. Mallouk, Chem. Mater. 2000, 12, 2513.
[17]V. Nicolosi, M. Chhowalla, M. G. Kanatzidis, M. S. Strano, J. N. Coleman,
Science 2013, 340, 1226419.
[18]S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei, H.
R. Kim, Y. II. Song, Y.-J. Kim, K. S. Kim, B. Ozyilmaz, J.-H. Ahn, B. H. Hong,
S. Iijima, Nat. Nanotech. 2010, 5, 574.
[19]D. Choi, M.-Y. Choi, W. M. Choi, H.-J. Shin, H.-K. Park, J.-S. Seo, J. Park, S.M. Yoon, S. J. Chae, Y. H. Lee, S.-W. Kim, J.-Y. Choi, S. Y. Lee, J. M. Kim,
Adv. Mater. 2010, 22, 2187.
[20]M.-Y. Choi, D. Choi, M.-J. Jin, I. Kim, S.-H. Kim, J.-Y. Choi, S. Y. Lee, J. M.
Kim, S.-W. Kim, Adv. Mater. 2009, 21, 2185.
[21]S. Baroni, A. Dal Corso, S. Gironcoli, P. de, Giannozzi, PWSCF (plane wave
self-consistent field) codes. Available at: http://www.quantum-espresso.org.
[22]J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

Chapter 4: Generalized Self-Assembly of Scalable Two-Dimentional Transition
94
Metal Oxide Nanosheets
[23]D. Vanderbilt, Phys. Rev. B 1990, 41, 7892.
[24]H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188.
[25]S. R. Billeter, A. J. Turner, W. Thiel, Phys. Chem. Chem. Phys. 2000, 2, 2177.
[26]P. Yang, D. Zhao, D. Margolese, B. F. Chmelka, G. D. Stucky, Nature 1998,
396, 152.
[27]D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrichson, B. F. Chmelka, G. D.
Stucky, Science 1998, 279, 548.
[28]I. W. Hamley, Nanotechnology 2003, 14, R39.
[29]Y. Xia, T. D. Nguyen, M. Yang, B. Lee, A. Santos, P. Podsiadlo, Z. Tang, S. C.
Glotzer, N. A. Kotov, Nat. Nanotech. 2011, 6, 580.
[30]X. Pang, L. Zhao, W. Han, K. Xin, Z. Lin, Nat. Nanotech. 2013, 8, 426.
[31]P. Alexandridis, T. A. Hatton, Colloid. Surf. A: Physicochem. Eng. Asp. 1995,
96, 1.
[32]R. Dong, J. Hao, Chem. Rev. 2010, 110, 4978.
[33]R. Zana, Adv. Colloid Interface Sci. 1995, 57, 1.
[34]J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. J. Booth, S.
Roth, Nature 2007, 446, 60.
[35]Y. Wang, C. Sun, X. Yan, F. Xiu, L. Wang, S. C. Smith, K. L. Wang, G. Q. Lu,
J. Zou, J. Am. Chem. Soc. 2011, 133, 695.
[36]B. Erdem, R. Hunsicker, G. Simmons, D. Sudol, V. Dimonie, M. El-Aasser,
Langmuir 2001, 17, 2664.
[37]S. Wendt, P. T. Sprunger, G. K. Madsen, J. O. Hansen, J. Matthiesen, A.
Blekinge-Rasmussen, E. Laegsgaard, B. Hammer, F. Besenbacher, Science 2008,
320, 1755.

Chapter 4: Generalized Self-Assembly of Scalable Two-Dimentional Transition
95
Metal Oxide Nanosheets
[38]P. O. Löwdin, J. Chem. Phys. 1950, 18, 365.
[39]P. C. P. de Andrade, Int. J. Quantum Chem. 2012, 112, 3325.
[40]M. Topsakal, S. Cahangirov, E. Bekaroglu, S. Ciraci, Phys. Rev. B 2009, 80,
235119.
[41]H. G. Yang, C. H. Sun, S. Z. Qiao, J. Zou, G. Liu, S. C. Smith, H. M. Cheng, G.
Q. Lu, Nature 2008, 453, 638.
[42]G. Liu, J. C. Yu, G. Q. Lu, H. M. Cheng, Chem. Commun. 2011, 47, 6763.
[43]N. Satoh, T. Nakshima, K. Kamikura, K. Yamamoto, Nat. Nanotech. 2008, 3,
106.
[44]L. Peng, L. Hu, X. Fang, Adv. Mater. 2013, 25, 5321.
[45]K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim, J.-H. Ahn, P.
Kim, J.-Y. Choi, B. H. Hong, Nature 2009, 457, 706.
[46]T. He, J. Yao, Prog. Mater. Sci. 2006, 51, 810.

Chapter 5: Graphene-Like Co3O4 Nanosheets as a Highly Efficient Catalyst for
96
Oxygen Evolution Reaction

Chapter 5
5. Graphene-Like Holey Co3O4 Nanosheets
as a Highly Efficient Catalyst for Oxygen
Evolution Reaction
5.1. Introduction
The world energy crisis is now driving the development of innovative and costeffective technologies to produce renewable and sustainable energy.[1-4] Water
splitting is a promising approach to providing oxygen and hydrogen for rechargeable
metal-air batteries and fuel cells.[5-7] It is severely constrained, however, by the
sluggish kinetics of the oxygen evolution reaction (OER), which involves a complex
four-electron process.[8] Although some noble metal (e.g., Ru and Ir) oxides and
compounds exhibit high activity towards OER catalysis, their scarcity and high cost
are the main obstacles that hinder their commercial applications.[9-12] Earth-abundant
transition metal compounds,[13-18] especially oxides such as Co3O4,[19-25] NiO,[26,27]
and MnO2,[28,29] have been considered among the most promising alternatives
because of their low cost and high chemical stability.[30-32] Nevertheless, the reported
materials still suffer from relatively high overpotential, low catalytic activity, and
poor cycling stability compared with noble metal-based catalysts, since the
conventional

nanostructures

such

as

zero-dimensional

nanoparticles,

one-

dimensional nanowires, two-dimensional nanosheets, and various three-dimensional
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architectures could not supply enough catalytic active sites or high enough structural
stability for OER catalysis.[33-35] Therefore, more efforts should be devoted to
optimizing the nanostructures of the transition metal oxides for enhanced OER
catalytic performance.
As is well known, catalysis is a surface reaction process, in which the lowcoordinated surface atoms play a vital role in catalytic activity.[36] Inorganic graphene
analogs (IGAs) with atomic thickness and obvious structural distortion possess a
large fraction of coordination-unsaturated surface atoms and remarkably improved
electrical conductivity,[37-39] which should be theoretically beneficial for OER
catalysis. In addition, it was reported that nanopores existing on the surfaces of IGAs
could not only offer highly accessible channels for electrolyte infiltration, but also
further decrease the coordination number of the surface atoms.[40] Therefore, it is
believed that developing such an atomically-thin and mesoporous nanostructure
should be of great benefit for OER catalysis. Herein, as a representative example,
graphene-like holey Co3O4 nanosheets (designated as GHCS) were successfully
synthesized through a surfactant-assisted self-assembly approach and utilized as a
catalyst for water oxidation. As expected, owing to its atomic thickness, mesoporous
structure, and lattice structural distortion, which provide large amounts of catalytic
active sites, sufficient electrode/electrolyte contact, and facile mass conversion and
transfer at the interface, the GHCS exhibits superior OER catalytic performance with
early onset potential, high current density, and long-term stability as compared with
conventional Co3O4 nanostructures and commercial IrO2.

Chapter 5: Graphene-Like Co3O4 Nanosheets as a Highly Efficient Catalyst for
98
Oxygen Evolution Reaction

5.2. Experimental Section
5.2.1. Synthesis of Graphene-Like Holey Co3O4 Nanosheets (GHCS),
Holey Co3O4 Nanoflowers (HCF) and Bulk Co3O4 Nanocubes (BCC)
For the preparation of GHCS and HCF, 0.2 g Pluronic P123 was first dissolved in a
mixed solvent consisting of 3 g ethanol, 1 g H2O, and 12 ml EG. Then, 0.125 g
Co(Ac)2·4H2O and 0.7 g HMTA were added under vigorous stirring for 30 min.
After that, the solution was transferred into a 45 ml autoclave with a piece of Fdoped SnO2 glass put in the bottom to serve as the growth substrate. The
hydrothermal reaction was carried out in an oven at 170 °C. Graphene-like Co3O4
precursor nanosheets were grown on the substrate after the reaction had proceeded
for 2 h, while ultrathin Co3O4 nanoflowers were deposited after 10 h. The final
products, GHCS and HCF, were obtained by calcinating the precursors at 400 °C for
0.5 h. For the preparation of BCC, 50 mmol of Co(NO3)2·6H2O and 5 mmol of KOH
were first dissolved in 20 ml distilled water under vigorous stirring to create a
suspension. The mixture was then sealed into a 45 ml autoclave and heated to 180 oC
for 5 h. Finally, the thus produced BCC powders were collected after
washing/centrifugation and drying at 80 °C for 24 h.

5.2.2. Characterizations
The morphology and crystal structure of the as-prepared products were observed
through SEM (JSM-7500FA, JEOL, Tokyo, Japan) and TEM (JEM-2011F, JEOL,
Tokyo, Japan) imaging. The crystal structure of the graphene-like holey Co3O4
nanosheets was confirmed by HRTEM and the corresponding FFT. The thickness
and surface structure of the nanosheets were determined by AFM (MPF-3D, Asylum
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Research, Santa Barbara, USA). The specific surface area and the pore size
distribution were determined by N2 adsorption/desorption isotherms using the BET
equation (Micromeritics TriStar II 3020), before which, the powders were degassed
at 150 °C for 10 h under vacuum. XRD (MMA, GBC Scientific Equipment LLC,
Hampshire, IL, USA) and Raman spectra (Lab RAM HR, Horiba Jobin Yvon SAS)
were recorded to identify the phases and the low-frequency modes in the Co3O4
nanocrystals. The surface chemical states of different Co3O4 nanostructures were
determined by XPS (PHOIBOS 100 Analyser from SPECS; Al Kα X-rays, Berlin,
Germany).

5.2.3. Electrochemical Measurements
The catalytic performances of different Co3O4 nanostructures were evaluated by CV
and LSV with RRDE (Pt ring and glassy carbon disk) connected to a CHI 900 SECM
electrochemistry workstation. Ar-saturated 0.1 M KOH was used as the electrolyte.
A Pt wire and Hg/HgO/0.1 M KOH were used as the counter electrode and reference
electrode, respectively. To prepare the working electrode, 2 mg catalyst was first
dispersed into 2 ml of a water-isopropanol mixed solution (3:1, v:v) with 8 μl
Nafion® (5%, Sigma-Aldrich) addition. The mixture was then ultrasonicated for 30
min to form a homogeneous ink. After that, 12 μl catalyst ink was cast onto the
RRDE (loading of ~0.1 mg cm-2) and finally dried at 60 oC. CV was carried out at a
sweep rate of 30 mV s-1, and LSV was performed at 10 mV s-1 under continuous
rotation at 1600 r.p.m. For the stability test, the disk electrode was continuously
cycled between 0.2 and 0.9 V vs. Hg/HgO at 200 mV s-1, and then LSV curves were
recorded.
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5.2.4. Computational Methods
To describe the spinel structures of the Co3O4 monolayer and semibulk, a 2×2 unit
cell of the most reactive Co3+ terminated (111) surface was used. All the atoms in the
monolayer were fully relaxed, but for the semibulk, the bottom seven layers were
fixed in their initial positions. A vacuum region larger than 15 Å between the
vertically repeated monolayer and semibulk was used, which is large enough to avoid
interaction between the periodically repeated layers or between the ones with
adsorbent. All calculations are based on DFT as implemented in the PWSCF code.[41]
The spin-polarized generalized gradient approximation (GGA) in PBE format was
included.[42] The Kohn-Sham orbitals used to obtain the electron density were
expanded in a plane wave basis set with a kinetic energy cutoff of 40 Ryd, and the
effect of the core electrons was taken into account by means of the Ultrasoft
Pseudopotential (USPP) method.[43] Given the large size of the supercells employed,
calculations were carried out at the Γ k-point of the Brillouin zone. In optimizing the
atomic structure, the conjugate-gradient algorithm was employed and the force
convergence criterion was set to 0.01 eV Å-1.

5.3. Results and Discussion
It is well known that layered materials (e.g., graphite, BN, and MoS2) which have
strong in-plane chemical bonds but weak out-of-plane van der Waals bonds, could be
easily exfoliated into atomically thin nanosheets by breaking the weak out-of-plane
bonds through mechanical exfoliation, liquid exfoliation, ion-intercalation or
exfoliation.[39,44,45] For non-layered materials (e.g., cubic spinel Co3O4), however, it is
very difficult to prepare ultrathin nanosheets through exfoliation or delamination due
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to their strong atomic bonds in three dimensions. Herein, a bottom-up self-assembly
approach was successfully applied to synthesize the graphene-like Co3O4 nanosheets
(Figure 5.1). In detail, Pluronic P123 was employed as the surfactant and the
structure-directing agent. Short-chain alcohol (ethylene glycol and ethanol) and
water were used as the solvent, which assisted the Pluronic P123 to form the inverse
lamellar micelle structures based on the phase behavior in the ternary surfactantwater-alcohol equilibrium system.[38,46] The hydrated cobalt oligomers were then
confined inside the micelles at the hydrophilic side of the surfactant molecules
during the hydrothermal reation and directed to grow along the two dimensional inplane direction through a bottom-up self-assembly approach. This leads to the
formation of well-organized and ultrathin Co3O4 precursor nanosheets after the
removal of the surfactant templates. GHCS with improved crystallinity and
mesoporous structure were finally obtained after proper heat treatment at 400 °C in
air for 0.5 h.

Figure 5.1 Schematic illustration showing the preparation of GHCS through a
surfactant assisted bottom-up self-assembly approach.
Figure 5.2a shows a SEM image of the as-prepared precursor nanosheets.
Wrinkles, overlaps, and nearly transparent structural features can be clearly observed
for these nanosheets. After calcination, numerous mesopores were generated on the
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surface of the graphene-like nanosheets (Figure 5.2b). The HRTEM image (Figure
5.2c) and the corresponding FFT pattern (inset) present a well-defined crystalline
structure, in which the spacings between the lattice fringes with an angle of 60° are
0.28 nm, corresponding to the (-202) and (0-22) facets of cubic spinel Co3O4.[47]
AFM is a powerful tool to determine the thickness and surface structure of the
nanosheets. As shown in Figure 5.3a, the porous surface with an average pore depth
of ~1.6 nm provides direct and solid evidence for the preparation of graphene-like
holey Co3O4 nanosheets. BET analysis was further performed and revealed that these
nanosheets possess a high specific surface area of 115 m2 g-1 and an average pore
size of about 5.8 nm (Figure 5.3b).

Figure 5.2 SEM images of the transparent precursor nanosheets (a) and GHCS (b, c).
Scale bars: 1 μm (a, b), 1 nm (c).

Chapter 5: Graphene-Like Co3O4 Nanosheets as a Highly Efficient Catalyst for
103
Oxygen Evolution Reaction
Figure 5.3 AFM image and the corresponding amplitude profile (a), as well as N2
adsorption-desorption isotherms and pore size distribution of GHCS (b).
To identify the benefits of atomic thickness and mesoporous structure in OER
catalysis, holey Co3O4 nanoflowers (HCF, Figure 5.4a and b) and bulk Co3O4
nanocubes (BCC, Figure 5.4c) were also prepared for comparison (Experimental
Section). The nanoflowers are assembled from slightly thicker nanosheets ~1.8 nm in
thickness (Figure 5.5) and the nanocubes are 100-150 nm in size. The measured
specific surface areas for the nanoflowers and nanocubes are 96 and 32 m2 g-1,
respectively (Figures 5.6 and 5.7).

Figure 5.4 SEM images of holey Co3O4 nanoflowers (HCF) and bulk Co3O4
nanocubes (BCC). Scale bars: 5 μm (a), 1 μm (b), 200 nm (c).
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Figure 5.5 AFM topographical image and the corresponding amplitude profile (inset)
for HCF showing an average pore depth of ~1.8 nm.

Figure 5.6 N2 adsorption-desorption isotherms and pore size distribution (inset) for
HCF. HCF has a specific surface area of 96 m2 g-1 and an average pore size of ~5.6
nm.

Figure 5.7 N2 adsorption-desorption isotherms and pore size distribution (inset) for
BCC. BCC presents a nonporous structure and has a specific surface area of 32 m2 g.

1

The structural features of the graphene-like holey Co3O4 nanosheets were
further studied by XRD, Raman spectroscopy, and XPS. Figure 5.8a shows the XRD
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patterns of GHCS, HCF, and BCC. All these diffraction patterns can be assigned to
the cubic spinel Co3O4. Nevertheless, they exhibit notable differences in their peak
densities. The peaks are dramatically weakened from BCC to HCF, and are barely
visible for GHCS, since the graphene-like nanosheets lack long-range atomic order
in the third dimension.[48] The Raman spectra (Figure 5.8b) of these three
nanostructures clearly present five peaks at around 190, 465, 508, 605, and 669 cm-1,
which have originated from the Eg, F12m, F22g, and A1g vibration modes of Co3O4.[49]
In comparison with the peaks of BCC, those of GHCS and HCF are much broader
and exhibit obvious shifts to lower wavenumbers (14 cm-1 for GHCS and 10 cm-1 for
HCF). The peak broadening and shifts are mainly caused by the enhanced phonon
confinement effect, with the crystal evolving from bulk to atomic scale.[50] These
Co3O4 nanostructures also present different surface chemical states as determined by
the XPS. As shown in Figure 5.8c, the core level positions of the cobalt element (Co
2p1/2 and 2p3/2) for GHCS and HCF show 1.0 and 0.6 eV shifts, respectively, to lower
binding energy compared with those of BCC. The binding energy shifts for the
ultrathin nanosheets result from the enhanced electron densities concentrated around
the cobalt atoms due to the dramatic distortion of the crystal structure.[51-53] It was
reported that the lattice structural distortion of such atomically thin nanosheets is
associated

with

new

bond

formation,

bond

breaking,

or

bond

elongation/contraction/deflection between the metal and oxygen atoms with respect
to their three-dimensional bulk counterparts.[38,51] Therefore, the selected Co3O4
nanostructures in different morphologies, which present varied electronic structures
and chemical states especially for the cobalt atoms, should result in diverse chemical
reactivity.
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Figure 5.8 Characterizations of graphene-like holey Co3O4 nanosheets. (a) XRD
patterns of GHCS, HCF, and BCC, showing the dramatically weakened diffraction
peaks for GHCS. (b) Raman spectra, with the inset presenting the peak broadening
and peak shift for GHCS. (c) XPS survey spectra, with the inset showing the shift of
Co 2p for GHCS.
Having studied the structural features of the morphology-tailored Co3O4
nanomaterials, particularly the graphene-like holey Co3O4 nanosheets, I evaluated
their electrochemical performances in OER by applying the RRDE measurements in
0.1 M KOH. Since the catalytic activity is largely related to the redox activity of the
surface atoms,[54] CV was first performed in the voltage range of 0-0.7 V vs. Hg/HgO.
Figure 5.9 shows the CVs of GHCS, HCF, BCC, and IrO2 at a scan rate of 30 mV s-1.
As can be seen, there are two peaks in the anodic scan that are located at around

Chapter 5: Graphene-Like Co3O4 Nanosheets as a Highly Efficient Catalyst for
107
Oxygen Evolution Reaction
0.285 and 0.575 V, which are assigned to the stepwise oxidation of Co(II) to Co(III)
and then to Co(IV), respectively. The assumed reactions are as follows: Co3O4 + H2O
+ OH- ↔ 3CoOOH + e-, and CoOOH + OH- ↔ CoO2 + H2O + e-.[55] The oxygen
evolution occurs at a potential that is slightly positive with respect to the second
anodic peak, such that the final oxidation product of Co(IV) should be the active
catalytic species for OER.[54,56] Since GHCS displays much stronger anodic peaks
compared with HCF and BCC, it is expected to exhibit superior OER catalytic
performance.

Figure 5.9 CV curves of GHCS, HCF, BCC, and IrO2 in Ar-saturated 0.1 M KOH
with a scan rate of 30 mV s-1.
To exactly evaluate the OER catalytic activity, LSV was carried out on RRDE
at a scan rate of 10 mV s-1 in the voltage range of 0.2-0.9 V vs. Hg/HgO. Figure
5.10a shows the polarization curves recorded on the disk electrodes, where HCF and
BCC exhibit high onset potentials (defined as the potential at a current density of
0.25 mA cm-2) of 0.630 and 0.718 V, respectively (Figure 5.10b), and a slow
increase in the current responses above the onset potentials. Remarkably, GHCS
displays a significantly decreased onset potential of 0.617 V, which is almost
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comparable to 0.611 V for commercial IrO2, followed by a rapid rise of the current
response with increasing overpotential. More specifically, to generate an OER
current density of 7.5 mA cm-2, the potentials needed for GHCS, HCF, BCC, and
IrO2 are 0.755, 0.775, 0.886, and 0.894 V, respectively (Figure 5.10c), and at a
potential of 0.8 V, the obtained OER current densities are 12.26, 9.46, 2.45, and 3.42
mA cm-2, respectively (Figure 5.10d). In order to further quantify the OER catalytic
activity, Tafel plots that derived from the polarization curves at low overpotentials
were constructed. As shown in Figure 5.11, the Tafel slopes of HCF, BCC, and IrO2
are 77, 108, and 178 mV dec-1, respectively. In sharp contrast, the Tafel slope is as
low as 66 mV dec-1 for GHCS, indicating a rapid increase in current density with
increasing overpotential and facile charge transfer in the atomically thin mesoporous
Co3O4 nanocrystals.[57,58] The outstanding OER catalytic activity of GHCS could also
be gleaned from the polarization curves recorded on the ring electrodes (Figure 5.12),
which further suggests the fascinating superiority of the graphene-like holey
structure in OER catalysis.

Chapter 5: Graphene-Like Co3O4 Nanosheets as a Highly Efficient Catalyst for
109
Oxygen Evolution Reaction

Figure 5.10 Linear sweep voltammetry curves (LSVs) of GHCS, HCF, BCC, and
IrO2 at a scan rate of 10 mV s-1 on a rotating-ring-disk electrodes (a), and the OER
catalytic performance (b,c,d).

Figure 5.11 Tafel plots (potential versus log (current density)) derived from LSVs.
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Figure 5.12 LSVs of GHCS, HCF, BCC, and IrO2 on the ring electrodes at a scan
rate of 10 mV s-1.
Apart from the catalytic activity, the long-term durability of a catalyst is also
crucial for its commercial application.[59] Here, the catalytic stability was evaluated
by continuous sweeps over 2000 cycles between 0 and 0.9 V vs. Hg/HgO. As shown
in Figure 5.13a, except for the state-of-the-art IrO2, which shows a slow increase in
current density with increasing cycle number, all the Co3O4 catalysts suffer from
slight declines in performance after deep cycling. Even so, the polarization curve of
GHCS after 2000 cycles almost overlies that of the first cycle (Figure 5.13b), and the
current density at 0.9 V after 2000 cycles exhibits only a 2.0% loss, far superior to
the 4.9% and 16.5% drops for HCF and BCC, respectively, clearly revealing the
superior catalytic stability of GHCS. Electrochemical impedance spectroscopy (EIS)
was further performed on the electrodes after 2000 cycles. As shown in Figure 5.14,
the Nyquist plot of GHCS displays a much smaller semicircle than those of HCF and
BCC, indicating the improved electrical conductivity and the facile charge transfer
during the OER catalysis.[21]
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Figure 5.13 Cycling stabilities of GHCS, HCF, BCC, and IrO2 (a), and the 1st and
2000th polarization curves for GHCS (b).

Figure 5.14 Nyquist plots of GHCS, HCF, BCC, and IrO2.
The outstanding OER catalytic performance of GHCS is mainly attributable to
its unique graphene-like holey structure. Firstly, the atomic thickness of the Co3O4
nanosheets provides a large fraction of surface Co3+ atoms, which have a decreased
coordination number of 5 compared with that of 6 for the inner ones. These lowcoordinated surface atoms could serve as catalytic active sites to facilitate the
adsorption of water molecules for highly efficient OER catalysis.[36] Secondly, the
presence of mesopores could further decrease the coordination number of surface
Co3+ atoms to 4 or even 3, creating more active catalytic sites for OER catalysis.[50]
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Thirdly, the atomic thickness and mesoporosity also provide highly accessible
surface areas for efficient electrolyte diffusion, adequate electrode/electrolyte contact,
and facile transport pathways for H2O, OH-, O2, and e-, which also dramatically
promote the reaction kinetics of OER catalysis.[40]
Besides the above reasons, due to the loss of the neighboring layers, the
atomically thin Co3O4 nanosheets exhibit remarkable structural distortion
accompanied by variations in bond distances and bond angles, or even bond breaking
and bond formation between the metal and oxygen atoms, which leads to the
redistribution of electron density and consequently has an effect on the OER catalytic
activity of the surface atoms.[51,52] To deeply understand the effects of the structural
distortion on water oxidation catalysis, DFT calculations was performed to identify
fundamental aspects of the oxygen evolution reaction on the (111) facets of two
Co3O4 crystal modes: monolayer and semibulk (Figure 5.15 and Experimental
Section for the creation of monolayer and semibulk). The outer ring in Figure 5.16
illustrates the oxygen evolution reaction pathway and the valence density isosurface
of each reactant along the pathway which helps to understand the bonding
characteristics of different adsorbents with monolayer at each reaction step. The line
chart in the center shows the reaction energies that were calculated from total energy
calculations of the relaxed monolayer and semibulk using the following five
equations:
ΔEOH* = EOH* – E + EH2/2 – EH2O

(1)

ΔE2OH* = E2OH* – E + EH2 – 2EH2O

(2)

ΔEOOH* = EOOH* – E + 3EH2/2 – 2EH2O

(3)

ΔEOO* = EOO* – E + 2EH2 – 2EH2O

(4)
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ΔEO2 = E + EO2 – EOO*

(5)

In the above equations, E is the total energy of the clean monolayer or surface slab,
whereas EOH*, E2OH*, EOOH*, and EOO* denote the energies of the monolayer or surface
slab with OH*, 2OH*, OOH*, and OO* adsorbed, respectively, where * represents
an adsorption site. EH2, EH2O, and EO2 are the total energies of the H2, H2O, and O2 in
vacuum, respectively. Note that electrons and protons released in the reaction are
taken into account as hydrogen. With this choice, all reaction energies are referenced
to the standard hydrogen electrode. To convert the reaction energies to free energies,
the zero-point energy and entropy changes as given by Valdés et al. were added.[60]
Water oxidation on the Co3O4 monolayer involves four intermediates: OH*,
2OH*, OOH*, and OO*, similar to those occurring on the Co3O4 semibulk. All the
intermediates are stably adsorbed onto the outmost Co3+ sites as shown in Figure
5.16, wherein an obvious electron density population can be noticed between each
adsorbent and monolayer substrate. From the corresponding energy variations along
the reaction pathways, we can see that the biggest difference lies in the adsorption of
the second OH*, which costs much less energy for the Co3O4 monolayer, as the
interaction between the two adsorbed OH* is much stronger. In addition, the
following reaction steps for the monolayer, including the dissociation of two H, the
formation of an O-O bond,[61,62] the breaking of two Co-O bonds, and the final
releasing of O2, are comparatively more facile when compared with those of the
semibulk. Generally, the Co3O4 monolayer exhibits a much lower energy barrier
(3.85 eV) than the semibulk (4.31 eV), indicating that the structural distortion of
GHCS enhances the OER catalytic activity and consequently contributes to the
outstanding water oxidation catalysis.
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Figure 5.15 Co3O4 monolayer extracted from the bulk structure. (a) Bulk structure.
(b,c) Co3O4 initial monolayer. (d,e) Co3O4 optimized monolayer.

Figure 5.16 DFT calculations on screening of the catalytic activities on the (111)
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facets of Co3O4 monolayer and semibulk. Outer ring: Schematic illustration of the
oxygen evolution reaction pathway and the valence density isosurface for each
reactant along the reaction pathway. Center: Calculated free energies.

5.4. Conclusion
Graphene-like holey Co3O4 nanosheets were synthesized through a bottom-up selfassembly approach and utilized as a catalyst for the water oxidation reaction. Owing
to the large amount of low-coordinated surface atoms and highly accessible surface
areas contributed by the atomic thickness and mesoporosity, as well as the decreased
energy barriers for mass conversion and transfer due to the lattice structural
distortion, the graphene-like holey Co3O4 nanosheets exhibit excellent OER catalytic
performance with low onset potential, high current density, and long-term cycling
stability, significantly outperforming the performances of conventional Co3O4
nanostructures and commercial IrO2. The successful development of graphene-like
holey structure paves the way for the synthesis of other non-layered materials for
various applications such as catalysis, sensors, supercapacitors, and rechargeable
batteries.
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6.1. Introduction
Increasing demands for portable electronics and the growing popularity of electric
vehicles (EV) have stimulated intensive studies on rechargeable lithium-ion batteries
(LIBs) with high specific capacity, enhanced rate capability, long cycle life and high
stability.[1-4] Although graphite is holding its position as the current commercial
anode for LIBs, transition metal oxides have been considered among the most
promising alternatives because of their higher theoretical capacity.[5-9] Nevertheless,
metal oxide anodes usually present low rate capability and poor cycling stability due
to inherently poor electronic conductivity, slow reaction kinetics and severe volume
expansion during repeated discharge-charge cycles.[10-12] To solve these critical
issues, graphene that possesses large surface area, high intrinsic electrical
conductivity and excellent mechanical flexibility is normally incorporated to enhance
electron transfer, accelerate reaction kinetics, and alleviate volume expansion,
thereby leading to improved electrochemical performance.[13-27]
Among the reported transition metal oxide/graphene composites, layer-bylayer structure has been proved to be an effective architecture for LIBs due to the
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strong affinity between two types of nanosheets.[28-31] However, it still suffers from
insufficient coupling effect due to the relatively small fraction of surface atoms of
metal oxides that can bond with graphene. Recently, two-dimensional inorganic
graphene analogues (IGAs) with single- or few-layer stacking have become a
conceptually new class of materials.[32-36] These species show obvious structural
disorder on their surfaces, which display an increased density of states (DOS) near
the Fermi level, leading to improved electrical conductivity and accelerated reaction
kinetics. More importantly, they possess a huge percentage of coordinated
unsaturated surface atoms due to their atomic thickness. When hybridized with
graphene, these surface atoms can bond with more carbon atoms through oxygencontaining functional groups,[37] achieving an enhanced synergistic coupling effect.
Therefore, it is highly desirable to develop an ideal nanostructure of “atomic layerby-layer” transition metal oxide/graphene to deliver extraordinary electrochemical
performance in LIBs.
Herein,

as

a

representative,

atomically-thin

mesoporous

Co3O4

nanosheets/graphene composite (ATMCNs-GE) has been successfully developed and
utilized as anode material for LIBs. This atomic layer-by-layer composite delivers
high discharge capacities of 2014.7 and 1134.4 mAh g-1 at 0.11 and 2.25 C (with 1 C
equal to 890 mA g-1), respectively, presents excellent rate capability, and exhibits
ultra-long cycle life and enhanced cycling stability with a capacity retention of
92.1% after 2000 cycles at 2.25 C, which significantly outperforms the performances
of bare ATMCNs and any existing Co3O4/C (including graphene, carbon nanotubes,
porous carbon, etc.) composites. The outstanding electrochemical performance of
ATMCNs-GE is mainly attributable to the atomic thickness and mesoporosity of
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Co3O4 nanosheets for adequate electrode/electrolyte contact and shortened lithium
ion diffusion length; the high electrical conductivity and flexibility of graphene for
enhanced electronic/ionic transportation and improved structural stability; the high
specific surface area of Co3O4 and graphene with abundant surface atoms, mesopores,
grain boundaries, edges, defects, etc. for extra lithium storage; as well as the unique
atomic layer-by-layer structure, where the Co3O4 layer acts as a Li+-accepting phase
and the graphene layer as a eletron-accepting phase for reversible (pseudocapacitive)
interfacial lithium storage.

6.2. Experimental Section
6.2.1. Preparation of ATMCNs, Graphene, and ATMCNs-GE
0.2 g Pluronic P123 was first dissolved in 3 g ethanol, then 2.5 g H2O and 12 ml EG
were added to form a homogeneous solution. Next, 0.125 g Co(Ac)2·4H2O and 0.07
g HMTA were added into the mixed solution under vigorous stirring for 30 min.
After that, the solution was transferred into a 45 ml autoclave and heated at 170 °C
for 15 h. ATMCNs was finally obtained by calcinating the precursor at 400 °C for 1
h. Mildly oxidized graphene was synthesized by a Hummers method. For the
preparation of ATMCNs-GE, the ultrathin Co3O4 nanosheets and mildly oxidized
graphene were first dispersed in an ethanol/water (1:1, v/v) mixed solution under
ultrasonic treatment. They were then transferred onto a hotplate stirrer and stirred
overnight at 70 °C. Next, L-ascorbic acid was added to reduce the mildly oxidized
graphene under stirring at room temperature for 24 h. After that, the hybrid powders
were centrifugated and washed with water and ethonal for three times. Finally,
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ATMCNs-GE was obtained after drying at 60 °C. The ATMCNs and the graphene
were also treated following the same procedure for comparison.

6.2.2. Characterizations
The morphology and crystal structure of the as-prepared products were observed
with a SEM (JSM-7500FA, JEOL, Tokyo, Japan) and a TEM (JEM-2011F, JEOL,
Tokyo, Japan) operated at 200 kV. STEM images were acquired on a probecorrected JEOL ARM200F operated at 200 kV equipped with a cold field emission
gun, a high resolution pole-piece, and a Centurio EDS detector. Images and EDS
maps were acquired at a probe current of 90 pA. The elemental mapping was carried
out by EDS using the JEOL ARM200F. AFM (MPF-3D, Asylum Research, Santa
Barbara, USA) was applied to determine the thickness of the Co3O4 nanosheets.
Surface area was measured by a surface area analyzer (NOVA1000, Quantachrome
Co., FL, USA) at 77 K. Before measurement, the sample was degassed at 120 °C for
5 h under vacuum. TGA (TA Instruments 2000) was performed to estimate the
graphene content in the composite under air atomosphere with a temperature ramp of
5 °C min-1 in the range of 30–700 °C. XRD (MMA, GBC Scientific Equipment LLC,
Hampshire, IL, USA) was utilized to evaluate the phases of the products. Raman
spectra were collected using a Raman spectrometer (Lab RAM HR, Horiba Jobin
Yvon SAS). The bonding between two nanosheets was determined by XPS
(PHOIBOS 100 Analyser from SPECS, Berlin, Germany; Al Kα X-rays).

6.2.3. Electrochemical Measurements
To prepare the anodes, ATMCNs-GE, ATMCNs or graphene was first blended with
acetylene black carbon and PVDF in a weight ratio of 8:1:1, respectively. NMP was
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added during the grinding process. The obtained slurry was then brushed and coated
on Cu foil, and dried at 120 °C for 12 h under vacuum. After that, the anode
materials were taken out and pressed at a pressure of 2 MPa. The mass loadings of
active material were about 0.45 mg cm-2. Finally, CR 2032 coin-type cells were
assembled under Ar atomosphere using the ATMCNs-GE, ATMCNs or graphene
electrode as the working electrode, porous polypropylene film as the separator, and
Li foil as the counter and reference electrode. 1 M LiPF6 in a mixture of EC and
DEC (1:2, v/v) was chosen as the electrolyte. The cells were measured using an
automatic battery tester system (Land®, China) and galvanostatically discharged and
charged at various current densities in the voltage range of 0.01–3.0 V. CV and EIS
were conducted using a Biologic VPM3 electrochemical workstation.

6.3. Results and Discussion
The ultrathin Co3O4 precursor nanosheets were first synthesized via a surfactantassisted self-assembly approach (Figure 6.1).[38] Well-crystallized atomically-thin
mesoporous Co3O4 nanosheets were then obtained after calcination at 400 °C (Figure
6.2). The SEM and TEM images (Figure 6.2a,b) show that the as-prepared
nanosheets have a size of ~2.5 μm and possess numerous mesopores on the surface.
The HRTEM image and corresponding FFT pattern of the nanosheets present a welldefined structure with lattice fringe spacings of 0.47 and 0.28 nm, associated with the
(1-11) and (220) facets of cubic spinel Co3O4, respectively (Figure 6.2c).[11,36]
Detailed structural features were characterized by employing AFM (Figure 7.2d) and
surface area analysis (Figure 6.2e). As can be seen, a pore depth of ~2.0 nm was
detected, indicating the atomic thickness of the nanosheets. These nanosheets exhibit
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an ultrahigh specific surface area of ~157 m2 g-1 and have their main pore size
distribution below 12 nm.

Figure 6.1 SEM images of ultrathin Co3O4 precursor nanosheets. Scale bars: 1 μm
(a), 200 nm (b).

Figure 6.2 Atomically-thin mesoporous Co3O4 nanosheets (ATMCNs). (a) SEM
image of ATMCNs. (b) TEM image of a typical mesoporous Co3O4 nanosheet. (c)
HRTEM image of the Co3O4 nanosheets and its corresponding FFT pattern (inset). (d)
AFM image and height profile (inset) for the nanosheets. (e) N2 adsorption-
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desorption isotherms and pore size distribution (inset). Scale bars: 2 μm (a), 1 μm (b)
and 2 nm (c).
The atomic layer-by-layer ATMCNs-GE was prepared from hybridization of
ATMCNs and graphene under stirring and heating conditions (Figure 6.3a). Detailed
information on ATMCNs-GE was acquired by STEM. The STEM images clearly
display the atomically-thin mesoporous Co3O4 nanosheets and the nearly transparent
graphene nanosheets underneath (Figure 6.3b,c). The graphene nanosheets, ~1.2 nm
in thickness, consist of 3 or 4 stacked layers, indicating an interplanar spacing of
about 0.39 nm (Figure 6.3d). Phase characterization was then carried out by SAED
(selected area marked by a red circle in Figure 6.3e). As can be seen, the SAED
pattern (inset) presents the typical quasi-single-crystal feature of Co3O4, and some
weak spots may be related to graphene. Furthermore, the elements were confirmed
by EDX spectrum and EDS mapping. As can be seen, distinct peaks of Co, O and C
were observed (Figure 6.3f), and homogeneously distributed Co (Figure 6.3g), O
(Figure 6.3h) and C (Figure 6.3i) were also clearly detected. These results show that
atomically-thin Co3O4 nanosheets and graphene were successfully hybridized with
each other through layer-by-layer adhesion. The graphene content in the ATMCNsGE was estimated by TGA. As shown in Figure 6.4, the non-stoichiometric weight
loss for ATMCNs-GE is about 5.8% compared with that of ATMCNs, indicating that
5.8 wt.% graphene has been incorporated.
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Figure 6.3 Preparation and STEM images of atomic layer-by-layer ATMCNs-GE. (a)
Schematic drawing for the preparation of ATMCNs-GE. (b) (c) Low-magnification
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STEM images of ATMCNs-GE. (d) High-resolution STEM image. (e) STEM image
with corresponding SAED pattern of circled area (inset). (f) EDX spectrum.
Corresponding element mappings of e: cobalt (g); oxygen (h); and carbon (i).

Figure 6.4 TGA results for ATMCNs-GE and ATMCNs. The graphene content in
ATMCNs-GE is about 5.8 wt.%.
The atomic layer-by-layer structure of ATMCNs-GE was further studied by
XRD, Raman spectroscopy and XPS. The XRD pattern of graphene shows a strong
peak at 22.2°, corresponding to an interplanar d002-spacing of 0.395 nm (Figure
6.5a),[31] which is consistent with the HRTEM result (Figure 6.3d). All diffraction
peaks of ATMCNs match well with cubic spinel Co3O4.[11] These peaks show very
weak intensities due to the lack of long-range order in the third dimension for the
atomically-thin nanosheets. For ATMCNs-GE, there is no obvious graphene peak at
22.2°, suggestive of less restacking of graphene layers after hybridization with Co3O4
nanosheets. The Raman spectrum (Figure 6.5b) of ATMCNs shows two peaks at 193
and 520 cm-1, ascribed to the F2g mode vibration, while the peaks at 480 and 680 cm-1
are assigned to the Eg and A1g mode vibrations, respectively.[39] The graphene
nanosheets display typical D-band (due to defects, edges, or structural disorders) and
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G-band (first-order scattering of the E2g mode observed for sp2 carbon domains)
structures.[40-42] As expected, these typical Raman peaks are strongly observed in
ATMCNs-GE. Nevertheless, the intensity ratio of the D band to the G band (ID/IG,
1.46) is higher than that of graphene (1.08), indicating the increased degree of
disorder (with more defects and edges exposed) for the graphene in ATMCNsGE.[40,41] In addition, the G band of ATMCNs-GE shows an obvious 10 cm-1 shift to
lower wavenumber compared with that of graphene, which indicates that an
interfacial charge transfer has occurred, confirming the strong coupling effect
between the Co3O4 nanosheets and the graphene nanosheets.[41] The XPS survey
spectrum of ATMCNs-GE reveals the presence of cobalt, oxygen and carbon (Figure
6.5c). Figure 6.5d shows the O 1s XPS spectrum of graphene, in which the peak at
531.9 eV is assigned to C=O groups, while the one at 534.2 eV is ascribed to C-OH
and/or C-O-C groups (hydroxyl and/or epoxy). The peak for ATMCNs at 529.2 eV
corresponds to the Co-O species, and that at 531.6 eV originates from lowcoordinated oxygen defects or vacancies (Figure 6.5e).[43,44] Compared with the O 1s
peaks of graphene and ATMCNs, there is an extra peak located at 530.2 eV for
ATMCNs-GE (Figure 6.5f), which should be ascribed to the formation of Co-O-C
linkage through the oxygen-containing functional groups of graphene. We suggest
that the formation mechanism of Co-O-C linkage is similar to that of Ni-O-C, which
has been studied by the first-principles calculations performed by Cheng’s group.[37]
Take hydroxyl groups for example, two states with minimum adsorption energy can
be observed when a metal atom approaches the -OH groups on the graphene surfaces.
The first is where the metal atom bonds with two O atoms and pushes aside one H
atom to the surface forming a C-H bond, the second is where the metal atom bonds
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with three O atoms after crowding out two H atoms to form a H2 molecule. Besides,
the large energy barrier for the detachment of metal atom from oxygen atoms also
indicates the formation of metal-O-C linkage. This Co-O-C linkage further suggests
that the atomically-thin Co3O4 nanosheets and the graphene nanosheets are strongly
hybridized with each other.
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Figure 6.5 Characterizations of atomic layer-by-layer ATMCNs-GE. (a) XRD
patterns of ATMCNs-GE, ATMCNs and graphene. (b) Raman spectra of ATMCNsGE, ATMCNs and graphene, with the inset showing details of the G band. (c) XPS
survey spectra of ATMCNs-GE, ATMCNs and graphene. O 1s XPS spectra for
graphene (d), ATMCNs (e) and ATMCNs-GE (f).
The electrochemical performance of the atomic layer-by-layer ATMCNs-GE
as anode material was evaluated with Li insertion/extraction in the voltage range of
0.01–3.0 V. Figure 6.6a presents the CVs of ATMCNs-GE at a scanning rate of 0.05
mV s-1. The first cycle voltammogram features a shoulder peak at 1.10 V, attributed
to the reduction of Co3+ to Co2+, and the main cathodic peak at 0.85 V is related to
the reduction of Co2+ to Co and the formation of the solid electrolyte interphase (SEI)
film.[45,46] The anodic peak at 2.06 V represents the oxidation of Co to CoO. In the
following cycles, the ATMCNs-GE exhibits much stronger and more stable cathodic
and anodic peaks compared with ATMCNs (Figure 6.6b), illustrating higher lithium
storage density and easier lithium insertion/extraction reaction.

Figure 6.6 CV curves for the first 5 cycles of ATMCNs-GE (a) and ATMCNs (b) at
a scanning rate of 0.05 mV s-1. The ATMCNs-GE exhibits much stronger and more
stable cathodic and anodic peaks compared with ATMCNs.
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Figure 6.7a presents the discharge/charge voltage profiles of ATMCNs-GE at
various C-rates. As can be seen, the discharge/charge plateau is increasingly
shortened with increasing C-rate due to the increase in ohmic resistance and the
limitation of lithium diffusion, but it is still apparent at high current densities (such as
2.25 and 5.62 C) compared with that of ATMCNs (Figure 6.7b), indicating that less
electrode polarization occurs for this hybridized structure.[47]

Figure 6.7 Discharge-charge profiles of ATMCNs-GE (a) and ATMCNs (b) at
various C-rates. The discharge/charge plateaus are increasingly shortened with
increasing current density, and they almost disappear at 2.25 and 5.62 C, indicating
severe electrode polarization.
The rate performance at stepwise C-rates from 0.11 to 5.62 C was shown in
Figure 6.8a. The average discharge capacities of ATMCNs-GE at 0.11, 0.22, 0.56,
1.12, 2.25 and 5.62 C are 1266.9, 1213.7, 1111.2, 978.0, 793.1 and 509.3 mAh g-1,
respectively. However, they are only 1172.8, 927.7, 514.9, 218.1, 91.5 and 36.4 mAh
g-1, respectively, for ATMCNs. Therefore, ATMCNs-GE exhibits much higher rate
capability compared with ATMCNs. It is also important to note that when the current
density returns to 0.11 C, ATMCNs-GE delivers an increasing reversible capacity
that reaches 2014.7 mAh g-1 after 88 cycles, which is actually 74.1% higher than its
initial discharge capacity (1157.3 mAh g-1). The long cycling performance at a high
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current density of 2.25 C was then investigated (Figure 6.8b). As can be seen, the
capacities of ATMCNs-GE and ATMCNs suffer obvious fluctuations, which are
common phenomena in transition metal oxides for LIBs.[48] The fluctuation at the
beginning is mainly attributed to the formation of the SEI film, and the activation
process with the lithium-ion diffusion path gradually established in the electrode.[49]
The fluctuation in the extended cycles can be ascribed to the unstability of the SEI
film, the electrolyte degradation, and the reaction of oxygen-containing functional
groups on the graphene with lithium ions.[26] ATMCNs-GE delivers an initial
discharge capacity of 975.4 mAh g-1 at 2.25 C, and then experiences a quick
activation process, with the discharge capacity reaching a peak value of 1134.4 mAh
g-1 after 257 cycles. It still maintains a high capacity retention of 92.1% (851.5 mAh
g-1, charge capacity) after 2000 cycles compared with its initial capacity (924.8 mAh
g-1), indicating ultra-long cycle life and excellent cycling stability. The Coulombic
efficiency (CE) rises from 94.8% in the first cycle to about 99.7% after 300 cyles,
further confirming the high reversibility and outstanding cycling stability. By
contrast, ATMCNs delivers an initial discharge capacity of 651.3 mAh g-1, and then
suffers a rapid decline in the following 10 cycles, which results from the formation of
the SEI film. A long time is needed to finish the activation process, with the capacity
reaching a peak value of 521.7 mAh g-1 after 730 cycles. After that, the capacity
decreases gradually, with only 47.3% retention after 2000 cycles. In addition, the CE
of ATMCNs is relatively unstable compared with that of ATMCNs-GE in the initial
300 cycles. More noteworthy, in the full activation state, e.g. the 800th cycle,
ATMCNs-GE delivers a discharge capacity of 1092.8 mAh g-1, which is actually
131.5% higher than the total sum of the individual capacities of ATMCNs and
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graphene (500.6 × 94.2% + 7.8 × 5.8% = 472.0 mAh g-1), indicating the significant
synergistic coupling effect brought by the Co-O-C bridge between ultrathin Co3O4
nanosheets and graphene nanosheets.

Figure 6.8 Rate capabilities and cycling performances of atomic layer-by-layer
ATMCNs-GE and ATMCNs in LIBs. (a) Rate capabilities and capacity ratio (inset)
of ATMCNs-GE and ATMCNs. (b) Cycling performances and CEs of ATMCNs-GE,
ATMCNs and graphene at a high current density of 2.25 C.
EIS was further performed to understand the superior cycling performance of
ATMCNs-GE (Figure 6.9). The impedance curves after different numbers of cycles
(Figure 6.9a,b) clearly show the charge transfer resistance (Rct), which is a key
indicator for the kinetics of the electrode and is calculated from the equivalent circuit
shown in the inset of Figure 6.9a.[50] As the fitting results show in Figure 6.9c, the Rct
of ATMCNs decreases from before cycling to the 800th cycle, and then slowly
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increases over the next 1200 cycles. The decrease in Rct is mainly attributed to the
electrode-electrolyte activation with enhanced electrical conductivity and shortened
lithium-ion diffusion, and the increase in Rct is ascribed to the formation of unstable
and thick SEI film with worsened reaction kinetics. By contrast, ATMCNs-GE
presents a more significant decrease from before cycling to the 200th cycle, which
reveals a faster activation process compared with ATMCNs. After that, Rct remains
almost constant for the subsequent 1800 cycles, suggestive of excellent cycling
stability. Generally, ATMCNs-GE has much smaller electronic resistance (Re),
electrolyte resistance (Rs) and Rct values than ATMCNs at corresponding cycles,
indicating smaller internal resistance, a more stable SEI film (Figure 6.10) and
improved reaction kinetics.[51]
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Figure 6.9 Nyquist plots and fitting results of ATMCNs-GE and ATMCNs after
different numbers of cycles at 2.25 C in the voltage range of 0.01-3.0 V. (a) Nyquist
plots of ATMCNs-GE. The impedance curves do not start from zero because of the
internal resistance (Re). They clearly show two semicircles in the high/-medium
frequency region which are assigned to the lithium-ion diffusion through the SEI
film (Rs) and the charge transfer resistance (Rct), respectively, and a ~45° inclined
line in the low frequency region which is attributed to the Warburg impedance (W)
(see inset of the equivalent circuit where CPE-1 and CPE-2 are constant phase
elements). (b) Nyquist plots of ATMCNs. (c) Fitting results of Re, Rs and Rct
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calculated from the equivalent circuit. Generally, ATMCNs-GE has much smaller Re,
Rs and Rct than ATMCNs at corresponding cycles.

Figure 6.10 Morphology of ATMCNs-GE (a, b, c) and ATMCNs (d, e, f) at different
cycles. The existence of graphene can effectively alleviate the volume expansion and
structure degradation of Co3O4 during charge/discharge process, leading to the
formation of a more stable and robust SEI film. However, without graphene, the
Co3O4 nanosheets are easily cracked into small pieces due to severe volume
expansion, and then aggregated and converted to amorphous state with plenty of
thick SEI film formation after repeated lithiation and delithiation cycles. Scale bars:
1 μm (a, d), 3 μm (b, c, e, f).
It is important to note that the atomic layer-by-layer ATMCNs-GE exhibits
superior electrochemical performance compared with previously reported Co3O4/C
(including graphene, carbon nanotubes, porous carbon, etc.) composites. As can be
seen in Figure 6.11, the specific capacity of ATMCNs-GE reaches 2014.7 mAh g-1 at
0.11 C, which significantly outperforms the theoretical capacity (890 mAh g-1) and
the reported results obtained at C-rates of 0.028–1.1 C.[52-54] In addition, the cycle
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number of ATMCNs-GE exceeds 2000 with a high capacity retention at 2.25 C, far
beyond those of reported Co3O4/C composites at 0.56–5 C.[55,56] The excellent
electrochemical performance of ATMCNs-GE with ultrahigh specific capacity,
excellent rate capability and ultra-long cycle life is mainly attributable to the
following reasons. Firstly, the atomic thickness and mesoporosity of Co3O4
nanosheets provide large fraction of surface atoms and highly accessible surface
areas. Therefore, the electrode is in full contact with the electrolyte and the lithium
diffusion path is distinctly shortened.[13-20,36] Secondly, the incorporation of graphene
not only improves the electronic conductivity, but also alleviates the volume
expansion and structure degradation of Co3O4, which contributes greatly to the rate
capability and cycling stability.[21-27] Thirdly, the strong connection between Co3O4
and graphene through the Co-O-C linkage effectively avoids the agglomeration of
Co3O4 and the restacking of graphene during the preparation process and the deep
cycling, and therefore significantly increases the utilization of active sites (e.g.
abundant surface atoms, mesopores, grain boundaries, edges, defects, structural
disorders) for extra lithium storage.[49,57-59] Fourthly, the unique atomic layer-by-layer
structure provides notable (pseudocapacitive) interfacial storage between the two
nanosheets, in which the Co3O4 layer acts as a Li+-accepting phase and the graphene
layer as an electron-accepting phase.[60-64] This synergistic interfacial storage further
improves the specific capacity and the rate capability.
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Figure 6.11 Comparisons of specific capacity and cycling performance between
ATMCNs-GE and previously reported Co3O4/C (including graphene, carbon
nanotubes, porous carbon, etc.) composites. Black balls for capacity comparison
were obtained at 0.028–1.1 C, blue balls for cycling performance comparison were
obtained at 0.56–5 C.

6.4. Conclusions
In conclusion, an atomic layer-by-layer structure of Co3O4/graphene was successfully
fabricated and used as anode material for LIBs. This unique structure delivers
ultrahigh specific capacities of 2014.7 and 1134.4 mAh g-1 at 0.11 and 2.25 C,
respectively, presents excellent rate capability, and exhibits ultra-long cycle life up to
2000 cycles without obvious capacity fading at 2.25 C, far beyond the performances
of bare Co3O4 nanosheets and any previously reported Co3O4/C composites. It is
believed that this atomic layer-by-layer structure design can be extended to other
IGA/graphene or IGA/IGA composites for a broad range of applications such as
nanoelectronics, batteries, supercapacitors, and catalysts etc.

6.5. References
[1] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach, Energy Environ. Sci.

Chapter 6: Atomic Layer-by-Layer Co3O4/Graphene Composite for High
141
Performance Lithium-Ion Batteries
2011, 4, 3243.
[2] J. B. Goodenough, Y. Kim, Chem. Mater. 2010, 22, 587.
[3] Y.-G. Guo, J.-S. Hu, L.-J. Wan, Adv. Mater. 2008, 20, 2878.
[4] C. Liu, F. Li, L.-P. Ma, H.-M. Cheng, Adv. Mater. 2010, 22, E28.
[5] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.-M. Tarascon, Nature 2000, 407,
496.
[6] P. G. Bruce, B. Scrosati, J.-M. Tarascon, Angew. Chem. Int. Ed. 2008, 47, 2930.
[7] A. S. Arico, P. Bruce, B. Scrosati, J.-M. Tarascon, W. V. Schalkwijk, Nat. Mater.
2005, 4, 366.
[8] M. V. Reddy, G. V. S. Rao, B. V. R. Chowdari, Chem. Rev. 2013, 113, 5364.
[9] Y. Li, B. Tan, Y. Wu, Nano Lett. 2008, 8, 265.
[10]K. T. Nam, D. W. Kim, P. J. Yoo, C.-Y. Chiang, N. Meethong, P. T. Hammond,
Y.-M. Chiang, A. M. Belcher, Science 2006, 312, 885.
[11] J. Wang, N. Yang, H. Tang, Z. Dong, Q. Jin, M. Yang, D. Kisailus, H. Zhao, Z.
Tang, D. Wang, Angew. Chem. Int. Ed. 2013, 52, 6417.
[12]P. L. Taberna, S. Mitra, P. Poizot, P. Simon, J.-M. Tarascon, Nat. Mater. 2006, 5,
567.
[13]H. Wang, L.-F. Cui, Y. Yang, H. S. Casalongue, J. T. Robinson, Y. Liang, Y. Cui,
H. Dai, J. Am. Chem. Soc. 2010, 132, 13978.
[14]H. Ren, R. Yu, J. Wang, Q. Jin, M. Yang, D. Mao, D. Kisailus, H. Zhao, D. Wang,
Nano Lett. 2014, 14, 6679.
[15]J.-M. Tarascon, M. Armand, Nature 2001, 414, 359.
[16]X. W. Lou, C. M. Li, L. A. Archer, Adv. Mater. 2009, 21, 2536.
[17]S. Ko, J.-I. Lee, H. S. Yang, S. Park, U. Jeong, Adv. Mater. 2012, 24, 4451.

Chapter 6: Atomic Layer-by-Layer Co3O4/Graphene Composite for High
142
Performance Lithium-Ion Batteries
[18]W.-M. Zhang, X.-L. Wu, J.-S. Hu, Y.-G. Guo, L.-J. Wan, Adv. Funct. Mater.
2008, 18, 3941.
[19]H.-X. Zhang, C. Feng, Y.-C. Zhai, K.-L. Jiang, Q.-Q. Li, S.-S Fan, Adv. Mater.
2009, 21, 2299.
[20]R. Huang, L. Wang, Q. Zhang, Z. Chen, Z. Li, D. Pan, B. Zhao, M. Wu, C. M. L.
Wu, C.-H. Shek, ACS Nano 2015, 9, 11351.
[21]L. Wang, D. Wang, Z. Dong, F. Zhang, J. Jin, Nano Lett. 2013, 13, 1711.
[22]M. Pumera, Energy Environ. Sci. 2011, 4, 668.
[23]J. Lin, Z. Peng, C. Xiang, G. Ruan, Z. Yan, D. Natelson, J. M. Tour, ACS Nano
2013, 7, 6001.
[24]X. Xin, X. Zhou, J. Wu, X. Yao, Z. Liu, ACS Nano 2012, 6, 11035.
[25]G. Zhou, D.-W. Wang, F. Li, L. Zhang, N. Li, Z.-S. Wu, L. Wen, G. Q. Lu, H.-M.
Cheng, Chem. Mater. 2010, 22, 5306.
[26]W. Wei, S. Yang, H. Zhou, I. Lieberwirth, X. Feng, K. Mullen, Adv. Mater. 2013,
25, 2909.
[27]W. Li, F. Wang, S. Feng, J. Wang, Z. Sun, B. Li, Y. Li, J. Yang, A. A. Elzatahry, Y.
Xia, D. Zhao, J. Am. Chem. Soc. 2013, 135, 18300.
[28]Y. Zou, Y. Wang, Nanoscale 2011, 3, 2615.
[29]J. Kan, Y. Wang, Sci. Rep. 2013, 3, 3502.
[30]X.-l. Huang, R.-z. Wang, D. Xu, Z.-l. Wang, H.-g. Wang, J.-j. Xu, Z. Xu, Q.-c.
Liu, Y. Zhang, X.-b. Zhang, Adv. Funct. Mater. 2013, 23, 4345.
[31]S. Q. Chen, Y. Wang, J. Mater. Chem. 2010, 20, 9735.
[32]Y. Du, Z. Yin, J. Zhu, X. Huang, X.-J. Wu, Z. Zeng, Q. Yan, H. Zhang, Nat.
Commun. 2012, 3, 1177.

Chapter 6: Atomic Layer-by-Layer Co3O4/Graphene Composite for High
143
Performance Lithium-Ion Batteries
[33]M. Chhowalla, H. S. Shin, G. Eda, L.-J. Li, K. P. Loh, H. Zhang, Nat. Chem.
2013, 5, 263.
[34]Y. Sun, S. Gao, Y. Xie, Chem. Soc. Rev. 2014, 43, 530.
[35]X. Zhang, Y. Xie, Chem. Soc. Rev. 2013, 42, 8187.
[36]J. Zhu, L. Bai, Y. Sun, X. Zhang, Q. Li, B. Cao, W. Yan, Y. Xie, Nanoscale 2013,
5, 5241.
[37]G. Zhou, D.-W. Wang, L.-C. Yin, N. Li, F. Li, H.-M. Cheng, ACS Nano 2012, 6,
3214.
[38]Z. Sun, T. Liao, Y. Dou, S. M. Hwang, M.-S. Park, L. Jiang, J. H. Kim, S. X.
Dou, Nat. Commun. 2014, 5, 3813.
[39]H. Kim, D.-H. Seo, S.-W. Kim, J. Kim, K. Kang, Carbon 2011, 49, 326.
[40]Y. Zhan, B. Zhang, L. Cao, X. Wu, Z. Lin, X. Yu, X. Zhang, D. Zeng, F. Xie, W.
Zhang, J. Chen, H. Mweng, Carbon 2015, 94, 1.
[41]J. Xu, I.-Y. Jeon, J.-M. Seo, S. Dou, L. Dai, J.-B. Baek, Adv. Mater. 2014, 26,
7317.
[42]S. Zhang, W. Li, B. Tan, S. Chou, Z. Li, S. X. Dou, J. Mater. Chem. A 2015, 3,
4793.
[43]L. Zhang, W. He, X. Xiang, Y. Li, F. Li, RSC Adv. 2014, 4, 43357.
[44]D. Li, D. Yang, X. Zhu, D. Jing, Y. Xia, Q. Ji, R. Cai, H. Li, Y. Che, J. Mater.
Chem. A 2014, 2, 18761.
[45]L. Luo, J. Wu, J. Xu, V. P. Dravid, ACS Nano 2014, 8, 11560.
[46]Q. Su, J. Zhang, Y. Wu, G. Du, Nano Energy 2014, 9, 264.
[47]J. Chen, L. Yang, S. Fang, S.-i. Hirano, K. Tachibana, J. Power Sources 2012,
200, 59.

Chapter 6: Atomic Layer-by-Layer Co3O4/Graphene Composite for High
144
Performance Lithium-Ion Batteries
[48]H. Sun, G. Xin, T. Hu, M. Yu, D. Shao, X. Sun, J. Lian, Nat. Commun. 2014, 5,
4526.
[49]Z.-S. Wu, W. Ren, L. Xu, F. Li, H.-M. Cheng, ACS Nano 2011, 5, 5463.
[50]L. Li, A.-R. O. Raji, J. M. Tour, Adv. Mater. 2013, 25, 6298.
[51]J. Xu, J. Shui, J. Wang, M. Wang, H.-K. Liu, S. X. Dou, I.-Y. Jeon, J.-M. Seo, J.B. Baek, L. Dai, ACS Nano 2014, 8, 10920.
[52]Z.-S. Wu, W. Ren, L. Wen, L. Gao, J. Zhao, Z. Chen, G. Zhou, F. Li, H.-M.
Cheng, ACS Nano 2010, 4, 3187.
[53]Y. Wang, H. J. Zhang, L. Lu, L. P. Stubbs, C. C. Wong, J. Lin, ACS Nano 2010, 4,
4753.
[54]D. Gu, W. Li, F. Wang, H. Bongard, B. Spliethoff, W. Schmidt, C. Weidenthaler,
Y. Xia, D. Zhao, F. Schuth, Angew. Chem. Int. Ed. 2015, 54, 7060.
[55]H. Wang, N. Mao, J. Shi, Q. Wang, W. Yu, X. Wang, ACS Appl. Mater. Interfaces
2015, 7, 2882.
[56]L. Shen, C. Wang, Electrochim. Acta 2014, 133, 16.
[57]D. Pan, S. Wang, B. Zhao, M. Wu, H. Zhang, Y. Wang, Z. Jiao, Chem. Mater.
2009, 21, 3136.
[58]H. Hwang, H. Kim, J. Cho, Nano Lett. 2011, 11, 4826.
[59]J. Zhou, J. Qin, X. Zhang, C. Shi, E. Liu, N. Zhao, C. He, ACS Nano 2015, 9,
3837.
[60]R. Liu, S. Zhao, M. Zhang, F. Feng, Q. Shen, Chem. Commun. 2015, 51, 5728.
[61]W. Kang, Y. Tang, W. Li, X. Yang, H. Xue, Q. Yang, C.-S. Lee, Nanoscale 2015,
7, 225.
[62]C. Chen, Y. Wen, X. Hu, X. Ji, M. Yan, L. Mai, P. Hu, B. Shan, Y. Huang, Nat.

Chapter 6: Atomic Layer-by-Layer Co3O4/Graphene Composite for High
145
Performance Lithium-Ion Batteries
Commun. 2015, 6, 6929.
[63]J.-Y. Shin, D. Samuelis, J. Maier, Adv. Funct. Mater. 2011, 21, 3464.
[64]J. Maier, Angew. Chem. Int. Ed. 2013, 52, 4998.

Chapter 7: Atomically Thin Co3O4 Nanosheets Coated Stainless Steel Mesh with
Enhanced Capacitive Na+ Storage for High-Performance Sodium-Ion Batteries 146

Chapter 7
7. Atomically

Thin

Co3O4

Nanosheets

Coated Stainless Steel Mesh with Enhanced
Capacitive

Na+

Storage

for

High-

Performance Sodium-Ion Batteries
7.1. Introduction
Wide-scale implementation of energy from nature has stimulated intensive studies on
effective

energy

storage

systems,

such

as

rechargeable

batteries

and

supercapacitors.[1-5] Among them, LIBs with high power/energy density, long cycle
life, and environmental friendliness have experienced rapid development over the
past few decades and been widely applied in smart and portable devices (e.g.,
personal computers and cameras), electric vehicles (EVs), and hybrid electric
vehicles (HEVs).[6-8] Nonetheless, with the ever-growing popularity of and demand
for LIBs, the high cost (over US$20,000/ton for battery grade), scarcity, and
potential exhaustibility of lithium resources have started to drive up their prices and
impede their further development. In view of this, SIBs have come again into the
researchers’ line of sight after decades of dreariness and are attracting more and more
attention lately due to the cheap (about US$1,000/ton for battery grade), abundant,
and ubiquitous sodium resources, as well as the suitable redox potential of sodium (-
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2.71 V versus standard hydrogen electrode).[9-14] To date, the reported anode
materials for SIBs still suffer from low specific capacity, bad rate capability, and
short cycle life compared with their LIB counterparts, which significantly impedes
the commercial application of SIBs.[15,16] The poor electrochemical properties are
mainly ascribed to the slow Na+ diffusion, the sluggish Na+ insertion/deinsertion
kinetics, and the high volume expansion of the host materials caused by the large
radius (1.02 Å) of Na+.[17-19] Therefore, developing effective host materials for fast
and reversible Na+ storage is highly desirable but also extremely challenging.
Recently, capacitive charge storage with facile reaction kinetics has been
investigated for energy storage in battery systems.[20-24] This storage mode is
distinguished from the conventional diffusion-controlled mode due to a number of
desirable properties such as short charging time, high power density, and long-term
cycling stability.[25] It mainly occurs at the surface or interface of the active materials
through electrostatic adsorption, redox reaction, or intercalation,[26-31] and the slow
ion diffusion within the crystal lattice does not occur, which thus leads to facile
reaction kinetics.[32,33] Considering the huge volume expansion and sluggish
insertion/deinsertion kinetics caused by the large radius of Na+ ion, developing a
material that has the potential to show considerable capacitance, with the charge
stored mainly at the surface and interface of the active materials rather than inserted
into the bulk crystals, should be of theoretical benefit for the performance of SIBs.
Based on the above introduction, one way to increase the capacitive Na+
storage in SIBs is to increase the specific surface area of the active material. Recently,
2D IGAs with atomic thickness have triggered considerable research interest
following the discovery of graphene due to their fascinating properties, including
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extremely large surface area, improved electrical conductivity, and high structural
stability and flexibility.[34-40] These properties can dramatically facilitate the highly
reversible surface electrostatic adsorption and redox reactions, which consequently
contribute to the surface capacitive storage. To further increase the capacitive Na+
storage, one would like to develop an electrode with large interfacial areas for facile
Na+ intercalation/de-intercalation. Growing the active material directly on the surface
of the current collector should be an effective approach, since it not only improves
the electrical conductivity, but also facilitates the charge separation via the “jobsharing” mechanism, which greatly increases the interfacial capacitive storage.[24,29]
Herein, as a representative example, atomically thin Co3O4 nanosheets were
successfully synthesized through a bottom-up self-assembly approach and grown
directly on stainless steel mesh as an anode material (ATCSM) for SIBs. As expected,
the ATCSM delivers a high average discharge capacity of 509.2 mAh g-1 for the
initial 20 cycles (exclude the first cycle) at 50 mA g-1, presents excellent rate
capability with an average discharge capacity of 427.0 mAh g-1 at 500 mA g-1, and
also exhibits high cycling stability, significantly outperforming the electrode
prepared from conventional Co3O4 nanostructures (CWM) and the electrode prepared
by conventional casting method (ATCSC).

7.2. Experimental Section
7.2.1. Preparation of ATCSM, CWM, and ATCSC
0.3 g Pluronic P123 was first dissolved in the ethanol (5 g)-water (1.5 g) mixed
solvent. 20 ml EG was then added to assist the P123 to form inverse lamellar
micelles in the solvent. After that, cobalt(II) acetate tetrahydrate (0.19 g for ATCSM
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and 0.38 g for CWM) and HMTA (0.1 g for ATCSM and 0.2 g for CWM) were
added into the solution and dissolved under stirring for 0.5 h. After statically aging
for 1 day, the solution was transferred into a 50 ml autoclave with several pieces of
stainless steel mesh (300 mesh for ATCSM and 100 mesh for CWM) put in the
bottom, and was then heated at 165 °C for 10 h. Finally, the atomically thin Co3O4
nanosheets and Co3O4 nanowalls coated meshes were taken out and calcinated at 400
°C for 5 min, which lead to the formation of ATCSM and CWM, respectively.
ATCSC was prepared through a conventional casting method. The atomically thin
Co3O4 nanosheets were first blended with conductive acetylene black and
polyvinylidene difluoride binder in a weight ratio of 8:1:1 in the presence of Nmethyl-2-pyrrolidone. The obtained slurry was then brushed on the copper foils and
dried at 120 °C for 12 h under vacuum. After that, the coated copper foils were
tailored and pressed under 2 MPa. The effective loading masses of the active
materials for these three electrodes were about 0.3 mg cm-2.

7.2.2. Characterizations
The morphology of the as-prepared electrodes was observed by SEM (JSM-7500FA,
JEOL, Tokyo, Japan) and TEM (JEM-2011F, JEOL, Tokyo, Japan). The crystal
structure of the Co3O4 nanosheets was confirmed by HRTEM and FFT. AFM, (MPF3D,Asylum Research, Santa Barbara, USA) was applied to evaluate the thickness of
the Co3O4 nanosheets. The specific surface area and the pore size distribution were
determined by the BET nitrogen adsorption technique (Micromeritics TriStar II 3020)
with the powders degassed at 150 °C under vacuum overnight. XRD (MMA, GBC
Scientific Equipment LLC, Hampshire, IL, USA) and Raman spectra (Lab RAM HR,
Horiba Jobin Yvon SAS) were collected to evaluate the phase composition. The
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surface chemical states of different Co3O4 nanostructures were investigated by XPS
(Phoibos 100 Analyser, Specs, Germany; Al Kα X-rays).

7.2.3. Electrochemical Measurements
CR 2032 coin-type cells were assembled in Ar-filled glovebox (Mbraun, Unilab,
Germany) with both the O2 and H2O levels less than 0.6 ppm. The prepared ATCSM,
CWM, or ATCSC anode was used as the working electrode, porous polypropylene
membrane as the separator, and Na foil as the counter and reference electrode. 1 M
NaClO4 in a mixed solvent of EC (54.6 wt%), DEC (40.4 wt%), and fluoroethylene
carbonate (FEC, 5 wt%) was chosen as the electrolyte. The assembled cells were
galvanostatically discharged and charged at various current densities in the voltage
range of 0.01–2.5 V (vs. Na/Na+) on an automatic battery tester system (Land®,
China). CV at different scan rates and EIS were conducted using a Biologic VPM3
electrochemical workstation.

7.3. Results and Discussion
The atomically thin Co3O4 nanosheets were synthesized through a bottom-up selfassembly approach and grown on the stainless steel mesh in a hydrothermal reaction.
At the beginning of the reaction, Pluronic P123 surfactant formed inverse lamellar
micells around the stainless steel mesh in ethylene-glycol–ethanol–water mixed
solvent. After that, the hydrated cobalt oligomers were confined inside the inverse
lamellar micells, and were assembled and grown along the surface of the stainless
steel mesh. Finally, the ATCSM was obtained after removing the surfactant under
heat treatment (Experimental Section). Figure 7.1a shows the SEM image of the asprepared ATCSM. The nanosheets were uniformly coated on the surface of the steel
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mesh without any aggregations in mesh pores. These coated nanosheets are
intertwined with each other, forming an interconnected network with numerous
accessible open spaces (Figure 7.1b), and in this way, most of their surfaces are
exposed without overlapping each other. The structural details of these nanosheets
were further studied by TEM. As can be seen in Figure 7.1c, there are numerous
mesopores distributed uniformly throughout the 2D nanocrystals. The highresolution TEM image and the corresponding FFT pattern present a well-defined
structure with lattice fringe spacings of 0.28 and 0.47 nm (Figure 7.1d), which are
associated with the (220) and (1-11) facets of cubic spinel Co3O4, respectively.[27,41]
AFM was further employed to determine the thickness of the Co3O4 nanosheets. As
shown in Figure 7.1e, the profile along the line in the AFM image shows a height of
~1.5 nm, which provides direct evidence for the successful synthesis of atomically
thin Co3O4 nanosheets. The N2 adsorption-desorption isotherms of the Co3O4
nanosheets demonstrate a high specific surface area of ~156 m2 g-1 and an average
pore size of ~6.8 nm (Figure 7.2). To confirm the advantages of the designed
electrode for sodium storage performance, Co3O4 nanowalls (~4.5 nm in thickness)
grown on the stainless steel mesh (CWM, Figures 7.3 and 7.4) and an electrode
produced by the conventional casting method (ATCSC, Figure 7.5) were also
prepared for comparison (Experimental Section).
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Figure 7.1 Atomically thin Co3O4 nanosheets grown on stainless steel mesh
(ATCSM). (a) SEM image of the ATCSM (300 mesh). (b) High-magnification SEM
image showing the coated ultrathin Co3O4 nanosheets. (c) TEM image presenting the
mesoporous structure of the Co3O4 nanosheets. (d) HRTEM image of the Co3O4
nanosheets and its corresponding FFT pattern (inset). (e) AFM image and height
profile (inset) along the red line of a typical Co3O4 nanosheet indicating its atomic
thickness. Scale bars: (a) 300 μm, (b) 1 μm, (c) 100 nm, (d) 2 nm.
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Figure 7.2 N2 adsorption-desorption isotherms and pore size distribution (inset) for
ATCSM. ATCSM has a specific surface area of 156 m2 g-1 and an average pore size
of ~6.8 nm.

Figure 7.3 Co3O4 nanowalls grown on stainless steel mesh (CWM). (a) SEM image
of the CWM (100 mesh). (b) High-magnification SEM image showing the coated
Co3O4 nanowalls. Scale bars: (a) 200 μm, (b) 1 μm.

Figure 7.4 AFM image of the Co3O4 nanowalls. The corresponding profile (inset)
along the red line in the AFM image shows a thickness of ~4.5 nm.
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Figure 7.5 Atomically thin Co3O4 anode prepared by the conventional casting
method (ATCSC). The atomically thin Co3O4 nanosheets were scraped from the
growth substrates of stainless steel plates. Scale bar: 1 μm.
The extraordinary structural features of the atomically thin Co3O4 nanosheets
were studied by XRD, Raman spectroscopy, and XPS. As shown in Figure 7.6a, the
XRD diffraction peaks of CWM can be clearly indexed to well-crystallized cubic
spinel Co3O4 and austenitic stainless steel mesh. However, the Co3O4 phase is hardly
to be detected in ATCSM due to the absence of long-range order in the third
dimension for the atomically thin nanosheets.[34] The Raman spectrum (Figure 7.6b)
of the scraped atomically thin Co3O4 nanosheets from the growth substrate shows
five peaks at 187, 463, 507, 605, and 665 cm-1, which are originated from the Eg,
F12m, F22g, and A1g vibration modes of Co3O4.[27] These peaks are much broader and
exhibit 5 cm-1 shifts to lower wavenumbers compared with those of Co3O4 nanowalls,
which are attributable to the more obvious phonon confinement effect in the
atomically thin Co3O4 nanosheets.[42] The surface chemical states of the atomically
thin Co3O4 nanosheets were then examined by the XPS technique. As shown in
Figure 7.6c, the Co 2p core level spectrum of the ultrathin nanosheets shows a 0.8 eV
shift to lower binding energy compared with that of the nanowalls. This chemical
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state shifting is associated with the reduction of Co atoms caused by the lattice
structural distortion in atomically thin nanocrystals.[43,44] It was also reported that the
structural distortion leads to a remarkably increased density of states near the Fermi
level, which facilitates fast electron transport along the 2D conducting channels and
consequently improves the electrical conductivity of the atomically thin Co3O4
nanosheets.[34,45]

Figure 7.6 Characterizations of the atomically thin Co3O4 nanosheets in ATCSM and
the Co3O4 nanowalls in CWM. (a) XRD patterns showing that the diffraction peaks
of ATCSM are barely visible compared with those of CWM. (b) Raman spectra with
the inset showing the details of the peak broadening and shift. (c) XPS survey spectra
with the inset presenting the binding energy shift of Co 2P.
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The electrochemical performance of ATCSM as anode material for SIBs was
evaluated using CR 2032 coin-type cells with Na foil as the counter/reference
electrode (Experimental Section). Figure 7.7a presents the CVs of ATCSM in the
voltage range of 0.01–2.5 V at a scan rate of 0.1 mV s-1. The first cathodic scan of
the CV cycle shows a weak peak at around 1.20 V and a strong and broad peak at
around 0.58 V. According to a study on the conversion reaction of Co3O4 with Li in
LIBs, the weak peak corresponds to the reduction of Co3O4 to the intermediate of
NaxCo3O4, and the strong and broad peak is mainly attributable to contributions from
the reduction of NaxCo3O4 to Co-Na-O clusters and finally to metallic Co, as well as
the formation of the SEI film.[46-49] For the anodic scan, the peak at 0.85 V represents
the oxidation of Co to Co-rich intermediates and the decomposition of Na2O, while
the peaks at 1.12 and 1.54 V are ascribed to the stepwise oxidation of Co-rich
intermediates to Co3O4 and the release of Na+. Therefore, the electrochemical Na+
insertion/deinsertion process within spinel Co3O4 is based on the conversion
mechanism of Co3O4 + 8Na+ + 8e− ↔ 4Na2O + 3Co. In subsequent cycles, the
reduction and oxidation peak intensities decrease more significantly compared with
those in the Li-storage reaction, indicating the more irreversible conversion reaction
caused by the larger size of Na+. Figure 7.7b shows the discharge/charge voltage
profiles of ATCSM at different current densities. As can be seen, the
discharge/charge plateaus are increasingly shortened and inclined, and the separation
between them is gradually increased with increasing current density due to the slow
Na+ diffusion in active material and the increase in ohmic resistance.[50]
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Figure 7.7 (a) CV curves for the first 5 cycles of ATCSM at a scan rate of 0.1 mV s-1;
(b) Discharge-charge voltage profiles of ATCSM at different current densities.
Having studied the Na+ storage behavior in ATCSM, the rate performance was
then investigated at stepwise current densities from 50 to 5000 mA g-1 (Figure 7.8).
After the capacity fading in the initial 15 cycles, the average discharge capacities
(and the capacity ratios) for ATCSM at 50, 100, 200, 500, 1000, 2000, and 5000 mA
g-1 are 418.8 (averaged from the 16th cycle to the 20th cycle), 344.2 (82.2%), 278.1
(66.4%), 216.5 (51.7%), 176.7 (42.2%), 145.3 (34.7%), and 116.9 (27.9%) mAh g-1,
respectively. In contrast, they are only 202.5 / 190.4, 166.4 (82.1%) / 108.5 (57.0%),
133.2 (65.8%) / 49.5 (26.0%), 99.9 (49.3%) / 23.6 (12.4%), 75.0 (37.0%) / 15.4
(8.1%), 56.7 (28%) / 12.6 (6.6%), and 49.7 (24.5%) / 9.7 (5.1%) mAh g-1 for CWM
and ATCSC, respectively. These results indicate the superior rate capability of
ATCSM and also signify the importance of the atomic thickness for Co3O4
nanocrystals and the direct growth method in electrode processing for improving Na+
storage on the surface of the nanosheets and facilitating charge separation at the
interface between the Co3O4 nanosheets and the stainless steel mesh.
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Figure 7.8 Rate capabilities and capacity ratios (inset) of ATCSM, CWM, and
ATCSC at stepwise current densities from 50 to 5000 mA g-1.
The cycling performance was further studied at a high current density of 500
mA g-1. As shown in Figure 7.9, ATCSM delivers a very high initial discharge
capacity of 1239.7 mA g-1, which is comparable with that in Li+ storage.
Nevertheless, the CE of the first cycle is only 46.8%. By contrast, CWM and ATCSC
deliver much lower initial discharge capacities of 661.4 and 425.3 mA g-1, but higher
CEs of 51.2% and 67.2%, respectively. The higher initial discharge capacity and
lower initial CE of ATCSM are mainly attributable to the atomic thickness of the
Co3O4 nanosheets and the direct growth method in electrode processing, which
provide an ultrahigh ion-accessible surface area and consequently leads to the
formation of large-area SEI films for irreversible Na+ storage. The ATCSM delivers
an average discharge capacity of 427.0 mAh g-1 in the initial 20 cycles at 500 mA g-1
(exclude the first cycle), which is 83.9% of the average capacity (509.2 mAh g-1)
obtained at 50 mA g-1. This further confirms the superior rate capability of ATCSM
with fast and facile Na+ storage. In the following cycles, the discharge capacities of
these three electrodes decrease while the CEs increase gradually. That is because the
Na+ ions could not be completely extracted from the interior of Co3O4 nanocrystals
due to the sluggish insertion/deinsertion kinetics, which consequently leads to the
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decrease of diffusion-controlled storage.[24] After 100 cycles, the discharge capacity
of ATCSM still has 172.9 mAh g-1, while those of CWM and ATCSC remain only
62.5 and 56.4 mAh g-1, respectively, indicating the better reversibility and cycling
stability of ATCSM. The better cycling stability of ATCSM could also be verified by
its well-maintained graphene-like nanostructure after 100 cycles (Figure 7.10). The
electrochemical performance of ATCSM not only stands out from those of CWM
and ATCSC, but also outperforms previously reported results obtained at relatively
low current densities of 25–178 mA g-1 (Figure 7.11), further suggesting the
advantages of the atomic thickness of Co3O4 nanosheets and the direct growth
method in electrode processing.

Figure 7.9 Cycling performances and CEs of ATCSM, CWM, and ATCSC at a high
current density of 500 mA g-1.
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Figure 7.10 Morphology of ATCSM, CWM, and ATCSC after 10000 cycles. a)
ATCSM; b) CWM; c) ATCSC.

Figure 7.11 Comparison of the cycling performance between ATCSM and
previously reported Co3O4 nanostructures. Our results were obtained at 50 and 500
mA g-1, while the reported ones were obtained at 25, 34, 50, 100, and 178 mA g-1.
To deeply understand the outstanding electrochemical performance of ATCSM,
the reaction kinetics of ATCSM, CWM and ATCSC were investigared by
performing CV at various scan rates from 0.1 to 100 mV s-1. As can be seen in Figure
7.12, both the anodic and cathodic peaks become stronger and broader as the scan
rate increases. In addition, the separation between them also increases, indicating
large polarization at high scan rates. Figure 7.13a presents a plot of log(cathodic peak
current, i) versus log(scan rate, v) that is derived from Figure 7.12. According to a
power law,[24,25] the relationship between them can be expressed as:
log(i) = a + blog(v)

(1)

where a and b are adjustable values. Note that, the b-value of 0.5 indicates that the
current is totally controlled by semi-infinite linear diffusion, while that of 1.0
represents a totally surface- and/or interface-controlled capacitive process. The slope
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of the log(i)-log(v) plot (b-value) for ATCSM shows an average value of 0.86 in the
range of 0.1-20 mV s-1, indicating the dominant capacitive contribution with facile
Na+ storage kinetics that are controlled by the surface and/or the interface. The slope
decreases to 0.73-0.70, however, when the scan rate rises up to 50-100 mV s-1,
suggesting an increase in ohmic polarization and the limitation of Na+ diffusion. By
contrast, the diffusion-dominated Na+ storage in CWM occurs at the lower scan rate
of 20 mV s-1 with a b-value of 0.73, revealing its poor rate capability as compared to
ATCSM. Moreover, the Na+ storage in ATCSC is diffusion-dominated over the
whole range of scan rates with an average b-value of 0.59, signifying that this
conventional casting method in electrode processing cannot make full use of the
surface and/or interface areas of the active materials to enhance the capacitive Na+
storage. The relationship between capacity (Q) and scan rate (v) could also be
established. As shown in Figure 7.13b, the Q versus v-1/2 plots show that the capacity
of ATCSM is more independent of the scan rate compared with that of CWM, due to
its higher capacitive contribution. The capacity for ATCSC decreases linearly with
decreasing v-1/2, further verifying that its Na+ storage is diffusion-dominated over the
whole range of scan rates.
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Figure 7.12 CV curves of ATCSM (a), CWM (b), and ATCSC (c) at various scan
rates from 0.1 to 100 mV s-1.

Figure 7.13 (a) Log(peak current) versus log(scan rate) plots for the determination of
the capacitive-dominated region and diffusion-dominated region in ATCSM, CWM,
and ATCSC. (b) Capacity versus scan rate-1/2 providing another evaluation method to
identify the capacitive-dominated region and diffusion-dominated region.
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It is possible to quantitatively separate the capacitive charge storage from the
total storage capacity by distinguishing the capacitive current at a fixed voltage
according to:
i = k1v + k2v1/2

(2)

where i is the current density at a fixed potential, v is the scan rate, k1 and k2 are
parameters, with k1v standing for the capacitive contribution, and k2v1/2 representing
the diffusion-controlled contribution.[32,51] Figure 7.14a shows the capacitive current
(red region) separated from the total current as a function of voltage at a scan rate of
2 mV s-1. As can be seen, diffusion-controlled Na+ storage takes place mainly in the
cathodic and anodic peak regions, which is associated with the redox reaction
between Co3O4 and Co. The quantified capacitive contribution accounts for 68.7% of
the total storage capacity. The ratios of the capacitive contribution to the diffusioncontrolled contribution for ATCSM, CWM and ATCSC at scan rates from 0.1 to 5.0
mV s-1 were calculated. As shown in Figure 7.14b, the capacitive contribution
increases with increasing scan rate. Therefore, high rates show a greater emphasis on
the capacitive storage mechanism due to its facile reaction kinetics compared with
those of the diffusion-controlled storage mechanism.[31] The average capacitive
contribution for ATCSM in the range of 0.1-5 mV s-1 is 63.5%, much higher than the
54.9% and 25.0% for CWM and ATCSC, respectively, indicating the enhanced
capacitive Na+ storage in ATCSM. The remarkable capacitive storage in ATCSM
could be further confirmed by electrochemical impedance spectroscopy performed in
the discharged state at 0.5 mV (Figure 7.15). The Nyquist plots of the three
electrodes present a depressed semicircle in the high-medium frequency region and a
clear inclined line in the low-frequency region. The semicircle is assigned to the
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charge transfer resistance (Rct) and the inclined line is related to a mass (mainly Na+)
transfer process.[52] The Rct-value for ATCSM is 446 Ω, which is much lower than
the 582 Ω and 1035 Ω for CWM and ATCSC, respectively, suggestive of the small
charge transfer resistance and the facile electrochemical reaction kinetics. Moreover,
the much steeper tail in the low-frequency region for ATCSM also indicates the fast
Na+ diffusion with a low energy barrier. These analyses further suggest the obvious
capacitive storage behavior in ATCSM.[53]

Figure 7.14 (a) Separation of the capacitive current from the diffusion-controlled
current in ATCSM at a scan rate of 2 mV s-1. (b) Contribution ratios of the capacitive
charge storage and diffusion-controlled charge storage at different scan rates in
ATCSM, CWM, and ATCSC.
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Figure 7.15 Nyquist plots of ATCSM, CWM, and ATCSC in the discharged state at
0.5 V.
The capacitive Na+ storage in ATCSM mainly involves the surface redox
pseudocapacitance and the interfacial double-layer capacitance due to the atomic
thickness of the Co3O4 nanosheets and the direct growth method in electrode
processing (Figure 7.16). On the one hand, the Co3O4 nanosheets with atomic
thickness possess a very large specific surface area and numerous low-coordinated
surface atoms. Na+ ions can electrochemically adsorb onto the coordinationunsaturated surface atoms through charge-transfer processes, and therefore enhances
the surface redox pseudocapacitance.[28] On the other hand, the direct growth of
ultrathin Co3O4 nanosheets on the stainless steel mesh creates a large interfacial area,
and the discharged products of Co and Na2O also generate very large interfacial areas
between them. In these interfacial areas, the Co3O4 nanosheets (or Na2O) act as the
Na+-accepting phase, while the stainless steel mesh (or metallic Co) acts as the
electron-accepting phase through the “job-sharing” mechanism to facilitate the
charge separation and enhance the so-called interfacial double-layer capacitance.[24,25]
The Na+ storage behavior through these two storage modes is kinetically facile and
not diffusion controlled on the time scale of interest. Therefore, both the surface
redox pseudocapacitance and the interfacial double-layer capacitance contribute to
the excellent electrochemical performance of ATCSM.
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Figure 7.16 Schematic illustration of the capacitive Na+ storage in ATCSM. Two
mechanisms exist: The pseudocapacitance arises from two storage mechanisms:
surface redox pseudocapacitive storage on the surfaces of the atomically thin Co3O4
nanosheets, and interfacial double-layer capacitive storage at the interfaces between
the Co3O4 nanosheets and the stainless steel mesh, and between different phases of
the electrode material.

7.4. Conclusions
Atomically thin Co3O4 nanosheets were synthesized through a surfactant-assisted
self-assembly approach and grown on stainless steel mesh as an anode material for
SIBs. This novel anode could deliver a high average discharge capacity of 509.2
mAh g-1 for the initial 20 cycles (exclude the first cycle) at 50 mA g-1, presents
excellent rate capability with an average discharge capacity of 427.0 mAh g-1 at 500
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mA g-1, and also exhibits high cycling stability, which significantly outperforms the
electrodes prepared from conventional Co3O4 nanostructures and conventional
casting method, and other previously reported Co3O4 electrodes. The superior
electrochemical performance is mainly attributable to the atomic thickness of the
Co3O4 nanosheets and the direct growth method in electrode processing, which lead
to remarkably enhanced surface and interfacial capacitive storage. The successful
development of atomically thin Co3O4 nanosheets could be extended to the synthesis
of other non-layered materials with ultrathin two-dimensional nanostructures for fast
and reversible Na+ storage. In addition, the novel design of direct growth method on
the current collector provides a facile and large-scale approach for electrode
processing, which could replace the conventional casting method and dramatically
enhances the Na+ storage performance.
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8.1. General Conclusions
In this doctoral thesis work, the recent developments in the synthesis of atomically
thin nanomaterials were summarized, and their applications in energy conversion and
storage were introduced. Considering the lack of a universal method for the
preparation of atomically-thin non-layered nanomaterials, a generalized selfassembly approach was proposed to successfully synthesize a variety of atomicallythin non-layered transition metal oxides, including TiO2, ZnO, Co3O4, WO3, Fe2O3,
and Mn2O3. These ultrathin nanosheets possess atomic thickness, high specific
surface area, obvious lattice distortion, high structural stability and flexibility, which
give them potential applications in energy-related fields such as catalysis,
supercapacitors, rechargeable batteries, nanostructured electronics and photonics.
As an example, Co3O4 nanosheets were investigated in detail as a catalyst for
the OER and an anode material for LIBs and SIBs. Specifically, graphene-like holey
Co3O4 nanosheets were first utilized as a catalyst for the water oxidation reaction.
Owing to the large amount of low-coordinated surface atoms and highly accessible
surface area contributed by the atomic thickness and mesoporosity, as well as the
decreased energy barriers for mass conversion and transfer due to the lattice
structural distortion, the graphene-like holey Co3O4 nanosheets exhibit excellent
OER catalytic performance with low onset potential, high current density, and longterm

cycling

stability,

significantly

outperforming

conventional

Co3O4
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nanostructures and commercial IrO2. An atomic layer-by-layer structured
Co3O4/graphene composite was then successfully fabricated and used as an anode
material for LIBs. This unique structure delivers ultrahigh specific capacities of
2014.7 and 1134.4 mAh g-1 at 0.11 and 2.25 C, respectively, presents excellent rate
capability, and exhibits ultra-long cycle life up to 2000 cycles without obvious
capacity fading at 2.25 C, far beyond the performances of bare Co3O4 nanosheets and
any previously reported Co3O4/C composites. Finally, atomically thin Co3O4
nanosheets were grown on stainless steel mesh as an anode material for SIBs. This
novel anode could deliver a high average discharge capacity of 509.2 mAh g-1 for the
initial 20 cycles (excluding the first cycle) at 50 mA g-1, presents excellent rate
capability with an average discharge capacity of 427.0 mAh g-1 at 500 mA g-1, and
also exhibits high cycling stability, which significantly outperforms the electrodes
prepared from conventional Co3O4 nanostructures and conventional casting method,
and other previously reported Co3O4 electrodes. The superior electrochemical
performance is mainly attributable to the atomic thickness of the Co3O4 nanosheets
and the direct growth method in electrode processing, which lead to remarkably
enhanced surface and interfacial capacitive storage.

8.2. Outlook
Even though much effort has been devoted to the preparation of atomically thin
nanomaterials, the study of this new type of material is still in its infant stage and
more works still need to be done to meet the rapid development required by society.
Firstly, the preparation methods are complicated and the number of atomically thin
nanomaterials is limited. Therefore, more facile and effective approaches should be
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developed for controlled synthesis of single-layer nanosheets with high quality, large
lateral size, few defects, and suitability for mass production. New 2D atomic layer
nanocrystals should also be developed in order to enrich the species of atomically
thin nanomaterials and expand their applications. Secondly, more attention should be
focused on the exotic electronic structures and structure-property relationships of
atomically thin nanomaterials. This is because the lattice structural distortion of
ultrathin nanocrystals caused by the quantum confinement effect at atomic thickness
leads to increased density of states near the Fermi level and much higher electrical
conductivity compared with the corresponding bulk crystals, which is strongly
correlated with their suitability for various applications. Thirdly, the fabrication of
novel hybrid materials by coupling two different types of ultrathin nanosheets (e.g.
metal oxides or dichalcogenide nanosheets coupled with graphene) is a very
promising approach to further optimize their structural and electronic properties and
achieve superior performance in a wide range of applications. Fourthly, special
efforts should be devoted to assembly and transfer techniques to convert freestanding atomically thin nanomaterials into integrated films with the desired patterns
for the design of high-performance flexible and transparent electronic devices.
Generally, it is believed that a deep understanding of the formation
mechanisms and electronic structural features of these atomically thin nanomaterials
will undoubtedly boost their commercialization in various applications of functional
membranes, nanostructured electronics, photonics, sensors, and energy conversion
and storage devices, etc.
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